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ABSTRACT 

The  Institute  for  Structural  Mechanics  of  the  German  Aerospace 
Research  Establishment  (DFVLR)  has  conducted  a  research  program 
aimed  at  the  characterization  of  the  fracture  behavior  of  carbon- 
fiber-  reinforced  epoxy  resins.  The  research  effort  encompassed  a 
comprehensive  experimental  and  analytical  investigation  of  the 
response  of  test  specimens  under  a  broad  range  of  material,  load¬ 
ing  and  environmental  parameters.  By  combining  an  evaluation  of 
global  laminate  properties  with  an  investigation  of  micro-  and 
macroscopic  modes  of  failure,  the  understanding  of  the  fracture 
and  fatigue  behavior  of  carbonf iber-reinforced  composites  was 
enhanced.  It  is  expected  that  the  esults  of  the  research  program 
and  their  representation  in  the  form  of  tables,  figures,  graphs 
and  maps  will  assist  the  design  engineer  and  lead  to  improved 
engineering  concepts. 


STUDY  MANAGEMENT 

The  research  program  involved  a  wide  range  of  different  disci¬ 
plines  and  required  the  definition  and  coordination  of  a  large 
number  of  subtasks.  Dr.  H.W.  Bergmann,  director  of  the  DFVLR 
Institute  for  Structural  Mechanics,  served  as  Program  Manager  for 
the  entire  duration  cf  the  program  from  January  1982  to  December 
1984  and  compiled  and  edited  the  final  report. 
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I.  EXECUTIVE  SUMMARY 


EXECUTIVE  SUMMARY 


Recent  years  have  witnessed  an  expanded  utilization  of 
fiber-reinforced  composites.  Among  the  variety  of  available 
fiber-matrix  systems,  carbonfiber-reinforced  epoxy  resins  are 
most  widely  used  in  aerospace  and  other  industrial  applications. 
In  the  majority  of  cases  these  applications  have  been  limited  to 
stiffness-critical  structures.  There  is  now  a  rising  demand  for 
light-weight  composites  in  strength-critical  structures  as  well 
which  poses  entirely  new  challenges.  Major  areas  of  concern  are 
an  as  yet  incomplete  understanding  of  the  material  response  under 
adverse  environmental  conditions,  the  limited  strain  to  failure 
of  the  epoxy  resins,  and  the  lack  of  acceptable  principles  of  dam¬ 
age  mechanics  analogous  to  fracture  mechanics  in  metals.  In  order 
to  resolve  these  issues,  the  ESA  initiated  a  comprehensive 
research  program  centering  on  the  effects  of  material,  loading 
and  environmental  parameters  on  the  strength,  toughness,  frac¬ 
ture  behavior,  fatigue,  etc.  of  carbonfiber-reinforced  epoxy 
resins.  Considering  the  wide  range  <f  available  material  systems, 
the  variety  of  possible  laminate  configurations  and  the  large 
number  of  different  damage  mechanisms,  it  is  readily  apparent 
that  only  a  limited  number  of  the  existing  problems  can  be  solved 
in  any  one  time-limited  research  program. 

Before  this  background,  the  ESA-conceived  research  activities 
were  important,  and  the  requested  confinement  to  an  investigation 
of  laminates  subjected  to  tension  loads  was  prudent.  By  concen¬ 
trating  on  this  load  regime,  a  substantial  degree  of  insight  into 
the  fracture  process  and  failure  modes  of  carbonfiber-reinforced 
epoxy  resins  could  be  gained.  It  would  be  equally  prudent,  howev¬ 
er,  to  extend  the  research  efforts  into  the  compression  load 
regime,  where  different  fracture  processes  will  produce  differ¬ 
ent  failure  modes,  in  order  to  obtain  a  balanced  understanding  of 
the  performance  characteristics  of  composite  materials. 

The  current  research  program  commenced  in  January  1982  and  termi¬ 
nated  in  December  1984.  Within  the  scope  of  the  contract  the  DFVLR 
Institute  for  Structural  Mechanics  addressed  three  major  topics: 
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•  experimental  investigations  in  which  reliable  data  were  pro¬ 
cured  on  the  performance  of  laminates  under  a  wide  range  of 
loading  and  environmental  conditions; 

•  analytical  investigations  with  the  aim  of  developing  phys¬ 
ical  or  mathematical  models  as  predictive  tools  for  the  fore¬ 
cast  of  the  materials  response  and  with  which  experimental 
data  and  observations  can  be  reduced  and  interpreted; 

•  construction  of  relevant  and  usable  design  guides  which  dis¬ 
play  the  advantages  and  disadvantages  of  a  given  material 
system,  or  which  support  the  selection  of  an  appropriate 
material  system  for  specific  design  requirements. 

The  results  and  conclusions  of  the  corresponding  efforts  are  doc¬ 
umented  in  this  final  report.  The  term  fracture  mechanics  maps  in 
the  title  of  the  report  was  interpreted  to  encompass  all  forms  of 
visual  aids  such  as  tables,  figure,  charts  and  maps,  useful  for 
the  description  of  fracture  processes  and  failure  modes  of  car- 
bonfiber-reinforced  laminates.  The  report  is  submitted  in  four 
volumes:  Volumes  1  and  2  contain  an  executive  summary  and  sixteen 
sections  covering  individual  topics  of  the  contracted  work  in  a 
self-contained  form;  Volumes  3  and  4  are  collections  of  appendi¬ 
ces  which  expand  on  some  of  the  research  topics  in  more  detail. 
The  research  program  commenced  on  the  premise  that,  in  order  to 
reduce  data  scatter  and  to  identify  the  subtle  influences  of 
interacting  parameters,  very  high  standards  in  regard  to  the 
quality  of  the  test  specimen  fabrication  and  the  test  facilities 
needed  to  be  introduced  and  maintained.  Special  attention  was 
also  given  to  the  traceability  of  the  life  history  of  all  of  the 
ca.  1800  specimens  tested  in  the  course  of  the  program.  Following 
a  general  introduction  in  Section  1,  Sections  2  and  3  cover  the 
above  mentioned  aspects. 

Nondestructive  inspection  procedures  were  considered  an  indis¬ 
pensable  part  of  the  research  program  for  quality  assurance  of 
the  specimens  prior  to  testing  as  well  as  for  the  detection  and 
identification  of  developing  damage  patterns  during  and  after 
testing.  The  techniques  used  are  briefly  described  in  Section  4. 


Section  5  deals  with  several  of  the  analysis  tools  used  through¬ 
out  the  research  program.  Apart  from  the  statistical  treatment  of 
test  data,  two  finite-element  computer  programs  are  described 
which  guided  the  interpretation  of  the  fracture  processes.  Where¬ 
as  the  ASKA-program  served  well  for  standard  stress  analyses,  the 
need  arose  for  the  development  of  a  new  program  called  LAMINA 
capable  of  coping  with  the  intricacies  of  nonlinear  laminate 
responses  in  an  economically  affordable  fashion. 

The  heart  of  the  report  is  contained  in  the  subsequent  Sections  6 
through  13  which  document  the  actual  test  results  and  the  conclu¬ 
sions  drawn  from  them.  The  accompanying  figures  are  prepared  such 
that  they  can  serve  as  useful  aids  for  engineering  design  prac¬ 
tices  . 

The  response  of  statically  loaded  un-notched  test  specimen  is 
covered  in  Section  6.  Since,  because  of  the  large  variety  of 
fibers,  resins,  volume  fractions,  stacking  orders,  etc.,  the 
characteristics  of  arbitrarily  stacked  laminates  cannot  be  dis¬ 
played  summarily  in  the  form  of  graphs  or  tables,  it  was  attempted 
to  deduce  them  from  the  characteristics  of  unidirectional  lami¬ 
nates.  The  attempted  forecasts  are  complicated  by  the  nonlinear 
constitutive  laws  and  the  susceptibility  to  moisture  and  temper¬ 
ature  effects  of  the  matrix  systems.  The  corresponding  test 
program  comprised  the  determination  of  all  pertinent  properties 
of  unidirectional  plies  for  three  fiber-matrix  systems  under  dif¬ 
ferent  temperature  and  moisture  conditions.  These  properties 
form  the  basis  for  the  analytical  prediction  of  the  response  of 
multidirectional  laminates.  The  predictions  include  the  elastic 
moduli,  the  first-ply  failure  and  the  ultimate  tensile  strength 
of  the  laminates.  They  take  into  account  the  state  of  prestress 
induced  by  temperature  and  moisture.  Additional  tests  were  per¬ 
formed  with  multidirectional  laminates  to  validate  the 
analytical  predictions  and  to  support  the  failure  analysis. 

In  Section  7  the  behavior  of  notched  test  specimens  under  static 
loads  is  described.  The  test  program  included  unidirectional 
on-axis  and  off-axis  specimens  as  well  as  multidirectional  speci¬ 
mens  containing  either  a  single  central  notch  or  two  symmetrical 
notches  at  the  specimen  edges.  During  the  loading  of  the  speci- 
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mens  the  crack-opening  displacements,  the  local  strains  and 
overall  displacements,  and  the  length  of  the  cracks  emanating 
from  the  notch  tips  were  observed.  The  tests  were  supported  by 
radiographical  and  f ractographical  investigations.  Based  on  the 
test  results,  parameters  were  determined  which  characterize  the 
state  of  damage  and  the  influence  of  stacking  order,  type  of 
notch,  and  length  of  crack.  Parallel  to  the  test  effort,  numer¬ 
ical  calculations  were  performed  with  the  aim  of  establishing 
failure  criteria  for  incorporation  into  the  computer  program 
LAMINA.  The  analyses  presupposed  that  for  several  of  the  test 
specimen  configurations  the  precepts  of  linear  elastic  fracture 
mechanics  are  applicable.  By  means  of  the  finite-element  programs 
ASKA  and  LAMINA  the  states  of  stress  at  the  crack  tip  were  ana¬ 
lyzed  for  different  crack  lengths  at  load  intensities  under  which 
crack  extension  was  observed.  The  critical  stress  intensity  fac¬ 
tors  Kj  and  Kjj  were  established  by  different  evaluation 
methods  and  the  strain  energy  release  rate  concept  was  found  to  be 
the  most  promising.  Using  this  approach  it  was  possible  to  iden¬ 
tify  the  total  energy  release  as  well  as  the  two  energy  release 
components  which  associate  with  the  two  crack  opening  types,  from 
which  K?  and  can  be  obtained. 

Section  8  deals  with  the  performance  of  mechanically  fatigued 
un-notched  specimens.  Tests  under  four  different  environmental 
conditions  were  performed  in  order  to  investigate  the  influence 
of  temperature  and  moisture  on  the  fatigue  strength  and  on  the 
damage  mechanisms  in  carbonfiber- reinforced  laminates.  Unidirec¬ 
tional  on-axis  laminates  exhibited  no  significant  degradation 
due  to  the  combined  effects  of  temperature  and  moisture.  The 
presence  of  moisture  at  ambient  temperature  has  a  beneficial 
effect  on  the  fatigue  life  because  of  the  relaxation  of  the  curing 
prestresses  by  the  swelling  of  the  matrix.  Macromechanical  dam¬ 
age  like  matrix  cracks  or  delaminations  could  not  be  detected  by 
means  of  NDT- technique s .  In  angle-ply  laminates,  elevated  tem¬ 
perature  alone  as  well  as  moisture  alone  lei  to  significant 
degradations  of  the  fatigue  strength.  An  additional  degradation 
is  observed  if  both  temperature  and  moisture  are  present  simulta¬ 
neously.  Typical  damage  patterns  are  matrix  cracks  and  edge 
delaminations  in  increasing  degrees  of  severi ty  which  correspond 
to  measured  stiffness  losses  of  the  test  specimens  during 
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fatigue.  Multidirectional  laminates  show,  similarly  to  the  uni¬ 
directional  specimens,  only  slight  degradations  at  elevated 
temperature,  and  slight  improvements  with  increasing  moisture 
contents.  Even  the  simultaneous  presence  of  both  temperature  and 
moisture  has  no  severe  influence  on  the  fatigue  strength.  It  can 
be  stated,  generally,  that  the  fatigue  properties  of 
matrix-controlled  laminates  are  sensitive  to  temperature  and 
moisture,  whereas  the  more  fiber-controlled  laminates  show  no 
significant  degradative  effects. 

Conclusions  from  the  testing  of  mechanically  fatigued  notched 
specimens  are  summarized  in  Section  9.  In  laminates  containing 
notches  or  holes  the  formation  of  cracks  and  their  subsequent 
progression  are  caused  by  stress  concentrations  in  the  vicinity 
of  the  discontinuities.  The  residual  strength  and  stiffness  of 
such  laminates  under  cyclic  loading  was  the  primary  aim  of  this 
investigation.  In  a  preparatory  study  the  nature  of  damage  pro¬ 
gression  in  on-axis  unidirectional  test  specimens  with  two 
symmetrical  edge  notches  under  increasing  numbers  of  load  cycles 
with  R  =  0.1  was  determined.  The  majority  of  the  test  effort  was 
conducted  with  multidirectional  laminates  containing  unloaded 
circular  holes  at  the  center  of  the  test  section.  Matrix  cracks 
and  delaminations  in  and  between  adjacent  plies  of  the  laminates 
were  observed  and  monitored  by  contrast-enhanced  radiography. 
The  strength  and  stiffness  measurements  after  prescribed  numbers 
of  load  cycles  with  R  =  0.1  showed  that  the  global  stiffness  of 
the  test  specimens  diminished  whereas  the  residual  static 
strength  continued  to  increase  until  shortly  before  failure.  The 
strength  increase  is  attributed  to  the  relief  of  local  stress 
concentrations  due  to  the  crack  formation  and  progression  in  the 
plies  of  the  laminate  around  the  hole. 

Section  10  contains  a  description  of  the  performance  of 
un-notched  specimens  thermally  fatigued  in  a  realistically  simu¬ 
lated  space  environment.  The  potential  problems  arise  from  the 
different  coefficients  of  thermal  expansion  of  carbonfibers  and 
polymeric  resins  which  cause  serious  prestresses  in  the 
laminates.  The  magnitude  of  the  resulting  tensile  stresses  in  the 
resins  depends  on  the  difference  between  the  congealing  temper¬ 
ature  of  the  resins  and  the  lower  service  temperature  of  the 
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laminates.  Repeated  exposures  to  very  low  temperatures  may  lead 
to  accumulating  damages  particularly  in  laminates  with  high  cur¬ 
ing  prestresses.  In  order  to  assess  the  effects  of  thermal 
cycling  in  a  typical  space  environment  on  the  mechanical  proper¬ 
ties  of  carbonf iber-reinforced  laminates,  and  to  study  the  poten¬ 
tial  mechanisms  of  damage,  a  test  program  was  performed  with 
cross-plied  laminates  prepared  from  five  different  fiber-resin 
systems.  Several  sets  of  test  specimens  were  evaluated  prior  to 
and  after  exposure  to  various  numbers  of  thermal  cycles,  in  vacu¬ 
um,  between  +100°C  and  -160°C.  The  test  results  showed  that 
strength  degradations  of  up  to  20%  occured  in  the  expoxy-based 
laminates,  and  much  more  in  the  polyimide-based  laminates,  accom¬ 
panied  by  corresponding  stiffness  degradations.  Both  types  of 
degradation  were  traced  to  matrix  cracking  and  interface  deteri¬ 
oration. 

The  strain  capabilities  and  the  strain  rate  effects  in  neat  epoxy 
resin  and  in  carbonf iber-reinforced  epoxy  laminates  were  inves¬ 
tigated  in  Section  11.  The  desirable  increase  of  the  failure 
strains  of  180“C-curing  resins  under  retention  of  high  service 
temperatures  is  chemically  incompatible  and  bey  nd  the  state  of 
the  art.  It  is  uncertain,  therefore,  whether  the  availability  of 
advanced  high-strength  and/or  high-strain  carbonfibers  in  con¬ 
nection  with  the  present  generation  of  epoxy  systems  can  offer 
significant  advantages.  Alternatively,  the  question  arises  what 
ranges  of  strain  capability  are  needed  to  exploit  the  potential 
of  the  new  carbonfibers.  Investigations  in  this  direction  were 
made  with  a  variety  of  matrix  formulations  and  fiber  types  under 
ambient  conditions,  i.e.,  initially  by-passing  the  issue  of  ele¬ 
vated  service  temperatures.  The  majority  of  the  tension  tests 
were  performed  with  unidirectional  ring-type  specimens  which  led 
to  consistent  results.  By  increasing  the  matrix  failure  strain 
from  t  =  l.S  JU  to  t  =  2.5  %,  strength  improvements  between  14  %  and 
54  %  were  shown  to  be  possible.  A  second  issue  was  the  sensitivity 
of  the  strength  and  stiffness  properties  of  the  test  specimens  to 
different  strain  rates.  With  two  specially  constructed  loading 
devices  loading  rates  differing  by  four  orders  of  magnitude  could 
be  applied.  The  tests  showed,  somewhat  surprisingly,  that  for 
strain  rates  greater  than  t  =  1.0  %  per  sec  the  strength  values  of 
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the  test  specimens  remain  constant  regardless  of  the  degree  of 
ductility  of  the  matrix. 

Section  12  reports  on  the  effects  of  radiative  and  oxidative 
environments  on  carbonf iber-reinf orced  epoxy  resins.  A  limited 
effort  only  was  made  to  assess  the  magnitude  of  degradation  in 
three  specific  cases.  A  realistic  simulation  of  electron  beam 
irradiation  as  experienced  during  the  service  life  of  a  space¬ 
craft  structure  in  a  typical  geostationary  orbit  showed  that 
neither  the  tensile  strength  nor  the  elongation  to  failure  of  1  mm 
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thick  laminates  were  impaired  after  3x10  rads.  A  slight  reddish 
tint  on  the  laminate  surfaces  may  be  indicative  of  optical  prop¬ 
erty  changes.  The  long-time  exsposure  of  test  specimens  to  open 
atmospheric  conditions  led  to  matrix  cracks  and  obvious  deteri¬ 
orations  of  the  laminate  surfaces.  The  direct  cause  was  traced  to 
UV-B  irradiation,  aided  by  the  presence  of  both  moisture  and  oxy¬ 
gen.  The  tensile  strength  diminished  to  90%  of  the  initial 
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strength  after  an  irradiation  dose  of  2000  J/cm  which  is  roughly 
equivalent  to  three  calendar  years.  A  clearly  oxidative  effect 
was  observed  on  test  specimens  subjected  to  a  sustained  temper¬ 
ature  of  120"  C  in  the  presence  c-'.  air.  The  measured  weight  loss 
of  914C/T300  specimens  was  3.3  %  after  28900  hours  and  continuing 
still.  At  a  sustained  temperature  of  100°C  the  rate  of  weight 
loo-;  was  considerably  less  but  had  an  equally  continuing  trend. 
Optical  investigations  revealed  no  significant  changes  in  the 
surface  texture  of  the  test  specimens. 

Apart  from  the  observation  of  macromechanical  fracture 
processes,  a  substantial  portion  of  the  research  program  dealt 
with  the  investigation  of  micromechanical  failure  modes.  The 
results  of  f ractographical  studies  of  the  fracture  surfaces  of 
test  specimens  are  contained  in  Section  13.  It  became  soon  appar¬ 
ent  that  the  topography  of  the  fracture  surfaces  is  not  only 
affected  by  the  nature  or  sequence  of  the  dominant  failure  modes 
but  also  by  such  parameters  as  moisture  content,  variations  of 
curing  process,  different  stacking  orders  and  strain  rates.  In 
view  of  the  complexity  of  the  issue  the  efforts  commenced  with  the 
failure  modes  analysis  of  neat  epoxy  resins  and  proceeded  to  the 
investigation  of  environmental  effects  in  uni-  and  multidirec¬ 
tional  laminates.  The  topography  of  the  fracture  surfaces  of  the 
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tension-loaded  neat  resins  was  seen  to  depend  on  the  curing  proc¬ 
ess  as  well  as  on  the  moisture  content.  In  curing  cycles  with  low 
heating  rates  the  formation  of  microcracks  was  observed.  The 
fracture  surfaces  reveal  that  both  the  curing  cycle  and  the  mois¬ 
ture  content  affect  the  strain  capability  of  the  resin.  A  clear 
distinction  between  the  two  phenomena  could  not  be  made.  With  a 
known  curing  cycle,  however,  it  is  possible  to  deduce  the  mois¬ 
ture  content  of  a  specimen  and,  with  a  known  moisture  content,  the 
nature  of  the  curing  cycle.  In  regard  to  fiber-reinforced  lami¬ 
nates  it  became  evident  that  the  influence  of  different  curing 
cycles,  of  test  temperature  and  of  moisture  content  on  the  matrix 
microstructure  and  on  the  fiber-matrix  interface  are  identifi¬ 
able.  The  fiber-matrix  adhesion  could  be  quantitatively 
evaluated  in  terms  of  the  mean  length  of  the  pulled-out  fibers. 

Section  14  addresses  the  applicability  of  linear  elastic  fracture 
mechanics  to  carbonf iber-reinforced  laminates.  It  must  be  under¬ 
stood  that  the  principles  of  linear  fracture  mechanics  were  ori¬ 
ginally  developed  to  describe  the  initiation  and  progression  of 
cracks  in  isotropic  and  homogeneous  materials.  These  principles 
cannot  be  applied  directly  to  fiber-reinforced  laminates  because 
here,  instead  of  a  single  crack,  a  damaged  zone  develops  in  which 
the  material  progressively  deteriorates.  Fissuring  and  meander¬ 
ing  cracks  extending  through  the  thickness  of  the  material  form 
only  shortly  before  ultimate  failure,  i.e.(  after  the  useful  life 
of  the  structure.  From  this  premise  arises  the  need  for  the  devel¬ 
opment  of  a  new  discipline  -  damage  mechanics  -  capable  of 
describing  the  behavior  of  damaged  zones  in  fiber-reinforced 
structures  prior  to  ultimate  failure. 

Generally  accepted  concepts  of  damage  mechanics  are  still  rare. 
Known  to  some  extent  are  individual  mechanisms  of  damage  progres¬ 
sion  but  their  contributions,  single  or  in  combination,  to  the 
total  state  of  damage  are  not  well  understood.  Current  research 
efforts,  therefore,  are  directed  toward  the  definition  of  charac¬ 
teristic  strength  parameters  for  carbon-fiber-reinforced  resins 
by  a  combination  of  analysis  and  test. 

Despite  the  seriousness  of  the  arguments  in  section  14,  many 
attempts  have  been  made  to  develop  simplified  fracture  models  for 


E-9 


the  prediction  of  the  notched  strength  properties  of  composites. 
Section  15  contains  a  critical  evaluation  of  such  models  which 
extend  linear  elastic  fracture  mechanics  from  metals  to  compos¬ 
ites  but  do  not  actually  address  the  micromechanical  complexities 
in  the  crack  extension  process.  Rather,  they  assume  a 
self-similar  crack  extension,  and  the  actual  crack  tip  damage 
zone  size  is  represented  by  an  'effective'  damage  zone  size 
defined  as  a  material  parameter  and  to  be  obtained 
experimentally.  Since  these  tests  are  tailored  to  the  problem 
under  investigation,  they  normally  lead  to  good  agreement  between 
the  predictions  of  a  particular  model  and  the  actual  strength  of 
the  notched  laminates.  Most  of  the  models,  therefore,  are  of 
pragmatic  importance  even  though  they  by-pass  the  issue  of  spe¬ 
cific  failure  modes.  In  order  to  evaluate  the  range  of 
applicability  and  the  accuracy  of  the  more  commonly  used  fracture 
models  for  notched  laminates  being  subjected  to  uniaxial  loading, 
a  detailed  evaluation  was  made  of  eleven  different  fracture  mod¬ 
els  against  a  large  amount  of  published  test  data.  The  collected 
experimental  notched-strength  parameters  were  then  compared  with 
the  predictions  from  each  of  the  fracture  models.  The  comparisons 
were  mostly  poor  because  all  of  the  fracture  models  consider  the 
experimentally  determined  parameters  as  material  constants  wher¬ 
eas,  in  reality,  they  depend  on  stacking  order,  constituent 
properties  and  fabrication  technique  as  well  as  on  type  of  load¬ 
ing,  specimen  geometry  and  environmental  conditions. 
Consequently,  the  parameters  established  for  a  particular  condi¬ 
tion  are  not  of  general  validity  and  therefore  not  transferrable 
from  one  configuration  to  another. 

The  concluding  Section  16  describes  the  nature  and  sequence  of 
mechanisms  of  fracture  in  typical  carbonf iber-reinf orced  lami¬ 
nates  based  on  a  multitude  of  observations.  In  contrast  to 
metals,  where  fracture  under  static  or  fatigue  loads  results  from 
the  nucleation  and  growth  of  a  single  dominant  flaw,  the  fracture 
of  fiber-reinforced  composites  is  characterized  by  the  initi¬ 
ation  and  progression  of  multiple  failures  of  different  modes 
such  as  matrix  cracks,  interfacial  debonding,  fiber  breaks  and 
delaminations  between  adjacent  plies  of  the  laminates.  The  kinds 
of  occuring  failures,  their  distribution,  time  sequence  and  pos¬ 
sible  interaction  depend  on  parameters  such  as  the  properties  of 
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the  fiber/matrix  system,  the  stacking  order  and  the  curing  proc¬ 
ess,  the  influence  of  the  environment,  etc.  The  problem  is 
further  complicated  by  the  possibility  of  fatigue  failure  in  the 
compressive  as  well  as  in  the  tensile  load  regime,  and  by  differ¬ 
ent  kinds  of  failure  modes  under  static  and  dynamic  load  applica¬ 
tions  . 

In  order  to  gain  insight  into  the  mechanisms  of  the  failure  proc¬ 
esses,  the  development  of  fatigue  damage  in  unnotched  multidirec¬ 
tional  laminates  was  investigated  under  both  tension  and 
compression  cycling.  During  and  after  fatigue  loading  specimens 
were  examined  for  damage  growth  using  light-microscopy,  scanning 
electron  microscopy,  ultrasonic  C-scans  and  x-radiography . 
Matrix  cracking  and  edge  delamination  were  found  to  be  the  domi¬ 
nant  types  of  defects.  Under  fatique  loading  these  defects 
propagated  due  to  unfavorable  interlaminar  stresses  to  the  point 
where  the  specimens  ultimately  failed  by  short  buckling  or  shear¬ 
ing.  The  test  effort  was  accompanied  by  finite-element 
calculations  for  the  assessment  of  the  state  of  stress  in  crit¬ 
ical  zones.  A  damage  growth  model  was  developed  for  edge 
delaminations  which  correlates  well  with  the  test  results. 

In  summary  it  can  be  stated  that  the  research  program  has  led  to  a 
series  of  important  recognitions,  and  that  the  assembled  data 
will  doubtless  prove  to  be  of  advantage  to  the  scientific  commu¬ 
nity  as  well  as  to  the  practicing  engineer.  On  the  other  side,  an 
immense  amount  of  work  remains  to  be  done  requiring  substantial 
amounts  of  additional  time  and  effort.  The  problem  is  perceived 
in  proper  perspective  by  the  reflection  that  the  much  simpler 
development  of  classical  fracture  mechanics  has  already  required 
many  thousands  of  manyears  in  more  than  two  decades.  The  question 
is  valid  whether  similar  expenditures  for  fiber- reinforced  com¬ 
posites  are  worth  the  gain.  The  answer  must  be  guided  by  the 
recognition  that  a  substantial  amount  of  additional  effort  is 
inescapable  if  only  for  maintaining  a  strong  position  in  the 
highly  competitive  international  aerospace  market. 
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1.  INTRODUCTION 

1.1  State  of  the  Art 

Recent  years  have  witnessed  a  greatly  expanded  reliance  on  lami¬ 
nated  composite  materials  whose  specific  strength,  stiffness  and 
fatigue  characteristics  are  often  superior  to  those  of  conven¬ 
tional  metals.  Research  activities  and  application  studies,  gen¬ 
erally,  have  focussed  on  fiber-reinforced  polymer  matrices. 
Among  the  large  variety  of  available  fiber-matrix  systems,  car- 
bonf iber- reinforced  epoxy  resins  are  most  widely  used  in  many 
industries . 

With  respect  to  aerospace  applications,  a  considerable  number  of 
structural  components  have  already  been  placed  into  service.  Most 
of  them  were  restricted  to  so-called  secondary  structures  with 
stiffness-critical  service  requirements.  In  such  structures  the 
operating  stress  levels  are  so  low  that  the  issues  of  durability 
and  fatigue  can  be  safely  ignored. 

There  is  now  a  growing  demand  for  strength-critical  structures 
but,  before  this  demand  can  be  met,  a  more  thorough  understanding 
is  required  of  the  way  in  which  pertinent  loading,  environmental 
and  material  parameters  affect  the  strength,  toughness,  fracture 
behavior,  fatigue  characteristics,  etc.  of  carbonf iber-rein- 
forced  epoxy  resins.  A  large  number  of  tests  relating  to  these 
aspects  have  been  performed  already  in  various  parts  of  the 
world.  Most  of  these  tests,  however,  were  addressed  to  specific 
design  requi rements  and  a  comprehensive  understanding  of  the 
material  response  has  not  yet  evolved.  Concurrently,  analytical 
tools  have  been  developed  to  predict  the  response  of  muldidirec- 
tional  laminates  from  the  properties  of  the  constituent  materials 
and  their  interactions. 

A  significant  lack  of  comprehension  still  prevails  with  respect 
to  the  ultimate  load-carrying  capabilities  of  carbonf iber-rein- 
forced  epoxy  resins  and  the  associated  failure  processes.  The 
identification  and  interaction  of  the  many  different  failure 
modes  and  the  mechanisms  of  damage  progression  in  highly  stressed 
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laminates  were  the  objectives  of  the  research  efforts  documented 
in  this  report. 


1.2  Scope  of  the  Research  Program 

The  Institute  for  Structural  Mechanics  concentrated  its  efforts 
on  the  observation  and  description  of  failure  modes  and  fracture 
processes  in  flat  laminates  with  different  stacking  orders,  both 
notched  and  unnctched,  under  static  and  cyclic  load  appli cati ons, 
and  in  environments  typical  for  aerospace  structures.  In  accord¬ 
ance  with  the  contract  requirements,  the  current  research  was 
essentially  confined  to  the  response  of  laminates  in  the  tensile 
load  regime.  A  limited  number  of  tests  were  conducted  under 
cyclic  tension-compression  and  pure  compression  loads  to  demon¬ 
strate  that  different  failure  modes  interact  in  different  ways. 
It  is  therefore  necessary  to  continue  the  research  into  the  com¬ 
pression  load  regime  in  order  to  arrive  at  a  more  complete 
understanding  of  the  behavior  of  fiber-reinforced  composites. 

In  the  planning  stages  of  the  research  ctivities  it  was  recog¬ 
nized  that  any  specific  composites  problem  can  be  resolved  by 
means  of  a  well-designed  test  program.  However,  new  test  series 
will  become  necessary  for  different  structural  configurations  or 
different  loading  conditions  unless  the  mechanisms  of  the  frac¬ 
ture  processes  are  known  and  their  progression  under  changing 
parameters  can  be  predicted.  Insight  into  these  mechanisms  is 
also  required  for  a  successful  treatment  of  the  analytical 
aspects  of  the  fracture  phenomena.  Considering  the  complexity  of 
the  issue  it  became  apparent  that  a  combined  empirical/analytical 
approach  to  the  comprehension  of  fracture  processes  was  most 
appropriate.  Accordingly,  the  research  efforts  centered  on 

•  experimental  investigations  in  which  reliable  data  were  pro¬ 
cured  on  the  performance  of  laminates  under  a  wide  range  of 
loading  and  environmental  conditions; 

•  analytical  investigations  with  the  aim  of  developing  phys¬ 
ical  or  mathematical  models  as  predictive  tools  for  the  fore- 
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cast  of  the  materials  response,  and  with  which  experimental 
data  and  observations  can  be  reduced  and  interpreted. 

In  the  course  of  the  research  program  approximately  1800  speci¬ 
mens  were  tested.  The  majority  of  the  test  specimens  was  exten¬ 
sively  instrumented  and  the  test  conditions  were  carefully 
controlled  in  order  to  minimize  data  scatter.  Modern  nondestruc¬ 
tive  inspection  techniques  assured  the  detection  and  identifica¬ 
tion  of  developing  defects  throughout  the  program.  Apart  from  the 
observation  of  macromechanical  effects,  a  substantial  portion  of 
the  research  program  dealt  with  the  investigation  of  micromechan¬ 
ical  failure  modes. 

With  respect  to  analytical  tools,  it  was  realized  that  standard 
finite-element  programs  were  inadequate  to  cope  with  the  complex¬ 
ities  of  fracture  processes  in  carbonf iber-reinf orced  resinous 
materials.  Therefore,  a  special-purpose  computer  program  was 
developed  which  incorporates  a  significant  number  of  the  required 
nonlinear  in  an  economically  affordable  fashion.  During  its 
development  some  of  the  experimental  aspects  of  the  research  pro¬ 
gram  were  supported  by  Engi  eering  System  International  under  a 
special  ESA-contract . 

In  context  with  the  development  of  analytical  models  the  question 
arose  whether  or  to  what  extent  the  principles  of  linear  elastic 
fracture  mechanics  are  applicable  for  the  treatment  of  composites 
problem.  A  significant  effort  was  made  the  assess  the  merits  of 
several  of  the  currently  used  fracture  models  for  notched  lami¬ 
nates.  As  expected,  the  issue  of  fracture  in  carbonf iber-rein- 
forced  resins  transcends  the  direct  application  or  simple 
adaptation  of  classical  fracture  mechanics  to  merely  a  different 
class  of  materials.  Rather,  an  entirely  new  frame  of  reference  is 
required,  partly  because  of  the  anisotropy  and  non-homogeneity  of 
the  material,  and  partly  because  of  the  large  number  of  different 
kinds  of  damages.  In  fact,  it  may  be  appropriate  to  introduce  the 
term  damage  mechanics  for  the  fracture  of  composites  in  order  to 
separate  it  from  the  much  simpler  fracture  mechanics  of  metals. 
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1.3  Documentation  of  Results 

The  documentation  of  the  research  program  is  contained  in  this 
final  report.  The  term  fracture  mechanics  maps  in  the  title  of  the 
research  program  was  interpreted  to  include  all  forms  of  visual 
aids  such  as  tables,  figures,  charts  and  maps  useful  for  the 
description  of  fracture  processes  and  failure  modes  in  carbonfi- 
ber-reinforced  epoxy  resins. 

The  report  is  submitted  in  four  volumes:  Volumes  1  and  2  cover  the 
following  sixteen  chapters  of  individual  topics  in  a 
self-contained  form;  Volumes  3  and  4  comprise  a  collection  of 
appendices  which  expand  on  several  of  the  research  topics.  It  is 
expected  that  this  report  will  provide  relevant  and  useable 
design  guides  for  the  selection  and  application  of  carbonfiber- 
reinforced  epoxy  resins  for  major  structural  components. 
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2.  TEST  FACILITIES 


2 . 1  Summary 

The  bulk  of  the  test  program  comprised  the  testing  of  ca.  1800 
flat  specimens  under  static  loads,  cyclic  thermal  loads  and 
cyclic  mechanical  loads.  It  was  recognized  from  the  outset  that  a 
determination  of  the  subtle  effects  of  several  parameters  on  the 
failure  modes  of  carbonf iber-reinforced  epoxy  laminates  mandated 
perfect  test  specimens  as  well  as  sensitive  and  reliable  test 
facilities.  On  that  basis  especially  the  selected  static  and 
dynamic  test  machines  reflected  the  latest  developments  in  equip¬ 
ment  and  test  system  design  and  were  adjusted  such  that  they 
matched  the  specific  requirements  of  the  test  program.  Care  was 
taken  that  correlating  test  series  were  executed  on  identical 
test  machines  to  ensure  compatibility  of  the  test  data.  Special 
importance  also  had  to  be  placed  on  the  retention  of  constant 
environmental  conditions  during  the  mechanical  load  applica¬ 
tions  . 


2.2  Thermal  Cycling  Facility 

The  thermal  cycling  tests  were  conducted  in  a  space-rated  test 
facility.  The  main  components  of  this  facility  were  a  four-sided 
box-like  structure  rotatable  about  its  vertical  axis,  provisions 
for  infrared  heating  and  radiation  cooling  from  nitrogen-filled 
receptacles,  and  an  airproof  metallic  shroud  covering  the  entire 
assembly  and  allowing  its  operation  in  vacuum. 

The  specimens  were  mounted  on  two  opposite  sides  of  the  box.  By 
rotation  of  the  box  through  ±90°  the  test  specimens  were  exposed, 
alternately,  to  the  heating  and  cooling  devices  inside  the 
shroud.  The  rear  side  of  the  test  specimens  faced  the  walls  of  the 

box  whose  inside  was  permanently  cooled.  The  interior  of  the 
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shroud  was  evacuated  and  a  pressure  of  10  Pa  maintained 
throughout  the  test.  With  this  arrangement  a  test  specimen  tem¬ 
perature  of  95°C  was  realized  during  the  hot  phase  and  of  -155°C 
during  the  cold  phase.  Details  of  the  test  facility  are  visible  in 
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Figs.  2.1  and  2.2.  A  typical  thermal  cycle  extending  over  approx¬ 
imately  50  min  is  shown  in  Fig.  2.3. 


2.3  Static  Test  Machine 

The  statically  loaded  un-notched  specimens  were  subjected  to  ten¬ 
sion,  compression  and  bending  loads  under  simultaneous  environ¬ 
mental  simulation  on  a  computer-controlled  universal  testing 
machine  equipped  with  a  climate  chamber  (Fig.  2.4). 

A  microcomputer  calibrated  and  controlled  the  test  process  and 
collected  the  data  from  32  strain  gage  channels.  The  circuit  dia¬ 
gram  for  the  process  control  and  the  data  acquisition  is  shown  in 
Fig.  2.5.  The  maximum  test  load  was  200kN  and  it  was  applied  with 
crosshead  speeds  ranging  from  0.0025  -  500  mm/min.  The  displace¬ 
ment  measurements  were  obtained  with  an  induction- type 
extensometer .  Zero-point  suppression  could  be  introduced  for 
both  load-  and  displacement-controlled  test  modes.  Load  and  dis¬ 
placement  data  were  either  recorded  digitally  or  plotted  by 
x-y-r  corders. 


2.4  Servohydraulic  Test  Machines 

All  of  the  mechanically  cycled  specimens  and  the  statically  load¬ 
ed  specimens  containing  notches  were  tested  on  servohydraulic 
machines  with  closed  loop  control  allowing  load,  strain,  dis¬ 
placement  and  velocity  to  be  monitored  as  direct  control  parame¬ 
ters.  The  specimen  loading  sequence  was  regulated  by  servo-valves 
which  control  the  oil  flow  to  the  actuator  in  proportion  to  elec¬ 
trical  command  signals. 

The  principle  of  the  servohydraulic  system  used  for  the  support 
of  the  test  program  is  shown  in  Fig.  2.6.  The  oil  flow  produced  by 
a  power  pack  (1)  capable  of  a  supply  pressure  of  280  bar  is  led 
through  the  servo-valve  (2)  to  a  double-acting  actuator  (3)  which 
applies  the  desired  static  tension  or  compression  load,  or  a 
cyclic  load  sequence  to  the  test  specimen  (4).  Hydrostatic  bear¬ 
ings  of  the  actuator  provided  low  friction,  high  side  load 
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tolerance  and  self-centering  action  under  increasing  side  loads. 
The  feedback  signal  in  the  control  circuit  was  correlated  to  the 
load  intensity  by  an  electric  load  cell  (load  control )  (5),  or  by 
an  extensometer  (strain  control)  (6),  or  by  a  differential  trans¬ 
former  in  the  piston  rod  ( di spl acement control )  (7).  The  voltages 
produced  by  appropriate  transducers  were  amplified  by  signal  con¬ 
ditioners  (8)  and  displayed  on  an  oscilloscope  (9),  recorded  by 
an  x- y- recorder ,  or  stored  digitally  in  a  universal  function  gen¬ 
erator/transient  recorder  (10),  or  in  a  computer  (11).  The 
difference  between  the  command  value  and  the  measured  value  was 
amplified  in  the  servo-controller  (12)  and  used  as  error  signal 
for  the  servo-valve  control. 

The  stiffness  of  the  frames  of  the  test  machines,  the  clamping  of 
the  movable  crossheads  and  the  grip  attachments  of  the  test  spec¬ 
imens  influence  the  test  machine  alignment  or  the  backflash 
intensity.  Therefore,  very  stiff  two-column  frames  or  cylindri¬ 
cal  frames  with  cut-outs  (Fig.  2.7)  were  used  in  conjunction  with 
special  grips  clamped  either  mechanically  or  hydraulically. 
Fig.  2.8  depicts  one  of  the  five  available  servohydraulic  test 
machines  (System  Schenck)  in  operation. 


2.5  Environmental  Simulation 

The  testing  of  specimens  under  simulated  environmental  condi¬ 
tions  involves  two  steps:  preconditioning  to  a  desired  moisture 
level  and  maintenance  of  that  moisture  level  during  testing  at 
different  temperatures. 

The  preconditioning  for  the  static  tests  was  accomplished  by 
exposure  of  the  specimens,  including  their  tab-reinforced  end 
sections,  in  temperature-  and  moi sture-control led  climates,  pro¬ 
duced  in  receptacles  filled  with  different  saliferous  water  sol¬ 
utions  kept  at  constant  temperature.  For  cyclic  load 
applications,  however,  the  moisturized  adhesive  bondlines  of  the 
tabs  tended  to  fail,  requiring  the  design  of  a  new  precondition¬ 
ing  procedure,  shown  in  Fig.  2.9,  in  which  only  the  central  part 
of  the  specimen  is  exposed  to  circulating  steam  at  a  temperature 
of  70°C  ±2°C.  The  steam  generator  provides  a  relative  humidity  of 
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at  least  95  %.  Fig.  2.10  depicts  the  basic  features  of  the  facili¬ 
ty. 

During  static  testing  the  environmental  conditions  were  main¬ 
tained  by  placing  the  test  rig  with  the  full-length  test  specimen 
in  a  standard  climatic  chamber  capable  of  independent  temperature 
control  between  -55°C  and  250°C,  and  moisture  control  between  0 
and  95  %  relative  humidity.  On  account  of  the  potential  tab  fail¬ 
ures  during  cyclic  testing,  special  climate  chambers  were 
constructed  which  are  displayed  in  Fig.  2.11.  The  end  sections  of 
the  test  specimen  are  seen  to  protrude  beyond  the  ca.  20*20x20  cm 
chamber  so  that  the  tabs  and  the  grips  are  subjected  to  ambient 
conditions.  Similar  to  the  preconditioning  approach,  the  desired 
test  temperatures  are  obtained  by  circulation  of  hot  air,  and  the 
moisture  contents  by  injection  of  steam.  The  small  size  of  the 
chamber  has  the  additional  advantage  of  low  heat  and  minimal 
steam  requirements.  Several  of  these  chambers  were  constructed 
for  single  and  parallel  operation  at  ambient  temperature  and  wet 
conditions  (28°C/95  %  RH)  ,  hot  and  dry  conditions  (80°/5%RH)  and 
hot  and  wet  conditions  (80°C/95%  RH) . 
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Fig.  2.3  Typical  thermal  cycle  of  surface  temperatures 
versus  time  of  two  specimens. 
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Fig.  2.7  Different  ty  ■  of  test 
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Fig.  2.8  View  of  an  operating  test  machine. 
(System  Schenck) 


Chamber  for  preconditioning  of  test  specimens  . 


esting  machine  with  inserted  conditioning  chamber. 
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3.  TEST  SPECIMENS 


3 . 1  Summary 

The  proper  interpretation  of  a  test  program  extending  over 
several  years  depends  largely  on  the  quality  and  uniformity  of 
the  test  specimens.  This  is  particularly  true  if  the  aim  of  the 
tests  is  the  identification  of  parameters  which  only  subtly 
influence  the  performance  of  carbonf iber-reinforced  laminates. 

Throughout  the  test  program,  therefore,  the  highest  possible 
standard  for  all  test  specimens  was  maintained.  Emphasis  was 
placed  on  the  quality  control  of  incoming  batches  of  materials, 
on  the  manufacture  of  laminates  by  a  computer-controlled  auto¬ 
clave  process,  and  on  the  traceability  of  the  test  specimen  con¬ 
figuration  and  history. 

3.2  Quality  Control 

The  test  program  comprised  the  testing  of  specimens  made  from 
three  different  materials: 

1.  Fibredux  914C-TS-5  prepreg  material  from  CIBA-GEIGY  Ltd., 
consisting  of  surf ace-treated  high-strength  T300-6K  carbon- 
fibers  and  a  914-type  epoxy  resin  with  a  curing  temperature 
of  180  'C.  The  material  was  delivered  in  the  form  of  unidirec¬ 
tional  tapes  on  30  cm  wide  rolls  with  a  resin  weight-fraction 
of  40  ±  2 . 5  %  and  with  less  than  1  %  gaseous  constituents. 
During  the  manufacturing  process  the  surplus  resin  was  bled 
out  so  that  the  cured  plies  had  a  mean  fiber-volume  content  of 
60  %  and  a  thickness  of  0. 125  mm. 

2.  Code  69/T300  prepreg  material  from  Fothergill  &  Harvey  Ltd., 
consisting  of  surf ace-treated  high-strength  T300-6K  carbon- 
fibers  and  a  Code  69-type  epoxy  resin  with  a  curing  temper¬ 
ature  of  180  'C.  The  form  of  delivery  and  the  ply  properties 
correspond  to  1 . 
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3.  T6T13 1-F550  prepreg  material  from  Hexcel,  consisting  of  sur¬ 

face-treated  high-strength  T300-6K  carbonfibers  and  an 
F550-type  epoxy  resin  with  a  curing  temperature  of  120  °C. 
The  form  of  delivery  and  the  ply  properties  correspond  to  1. 

Upon  receipt  of  the  various  batches  of  material,  representative 
samples  were  removed  from  the  beginning  and  the  end  of  each  roll 
in  order  to  ascertain  the  weight  of  unit  areas  of  the  resin  and 
the  fibers  and  that  of  the  gaseous  constituents.  The  degree  of 
tackiness  was  determined  by  means  of  adhesion  measurements  and 
the  amount  of  bled-outresin  by  weighing  the  laminates  prior  to 
and  after  curing. 

The  mechanical  properties  of  cured  sample  laminates  were  estab¬ 
lished  according  to  LN  29  971  at  23  "C  and  50  %  RH.  The  correspond¬ 
ing  tests  included  the  assessment  of  strengths  and  stiffnesses 
under  bending,  shear,  tension  and  compression  loads  in  0'-,  ±45'- 
and  90°-specimens.  Fig.  3.1  is  a  typical  record  of  the  quality 
control  tests. 


3.3  Manufacturing  Process 

The  majority  of  the  test  specimens  consisted  of  16  plies  and  had  a 
mean  thickness  of  2  mm.  The  remaining  specimens  displayed  8,  7  and 
4  plies  with  corresponding  thicknesses  of  1  mm,  0.875  mm  and  0.5 
mm.  The  stacking  orders  were  as  follows: 


I°°16]. [ 90°16 1 ' I ±45°4 ] s , [°o/90o]s, 

[ 0°/±45  °/90° ) s , | 90°/±45°/0° )g, [ 0°2/  +  45o/002/-45o/0°/90o ) g/ 


f5O8,16''l10O8,16''I15O8,16*'I30°8,16^'l45O8,16'' 


The  individual  plies  were  cut  from  the  prepreg  roll  in  400*400  mm 
squares  and  laid  up  on  a  steel  platen.  On  both  sides  of  the  stack 
peel  plies  and  bleeder  plies  were  provided.  The  laminates  were 
then  cured  in  a  computer-controlled  autoclave  according  to  the 
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supplier's  recommended  curing  cycles.  Fig  3.2  illustrates  the 
curing  cycle  for  the  914C/T300  system.  Subsequently,  the  lami¬ 
nates  made  from  the  material  systems  1  and  2  were  postcured  at 
190  °C  for  4  hours,  and  at  180  “C  for  3  hours,  respectively.  The 
laminates  made  from  the  material  system  3,  cured  at  120  °C, 
required  no  postcuring.  The  laminates  were  then  non-destructive- 
ly  examined,  provided  with  tabs  and  cut  to  proper  dimensions  with 
a  water-cooled  diamond  saw. 


3 . 4  Traceability 

In  order  to  interpret  the  test  results  correctly,  special  prec¬ 
autions  were  taken  to  ensure  the  traceability  of  all  parameters 
affecting  the  test  specimen  performance.  Apart  from  the  quality 
assurance  data  of  incoming  materials,  records  were  established 
and  maintained  identifying  each  of  the  manufactured  laminates  in 
terms  of  material  charge,  production  date,  dimensions,  stacking 
order  and  other  parameters  enumerated  in  Fig.  3.3.  Fig  3.4  traces 
the  subsequent  history  of  the  laminate  and  includes  references 
to  non-destructive  evaluatior.  and  the  sectioning  of  the  laminate. 
The  latter  is  shown  in  more  detail  in  Fig.  3.5  which,  in  addition 
to  the  specimen  designation  and  location,  prescribes  the  intended 
test  condition  for  each  specimen  as  well  as  the  areas  reserved  for 
non-destructive  evaluation. 
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4.  NONDESTRUCTIVE  EVALUATION 

4.1  Summary 

The  nondestructive  evaluation  of  test  specimens  is  mandatory  to 
assure  the  absence  of  defects  at  the  beginning  of  a  test,  and  to 
monitor  their  initiation  and  growth  during  the  test.  In  carbonfi- 
ber-reinforced  laminates  the  problem  arises  to  not  only  detect 
the  presence  of  a  defect  but  also  to  identify  it  with  respect  to 
kind,  size  and  location  [4.1].  Evidently,  no  single  nondestruc¬ 
tive  technique  can  cover  the  numerous  forms  of  potential  damage 
in  such  laminates  so  that  several  complementary  methods  must  be 
employed  whose  selection  depends  on  the  nature  of  the  test  pro¬ 
gram.  The  radiographic  and  ultrasonic  techniques  are  well 
established  and  can,  combined  with  each  other,  cover  most  of  the 
interesting  aspects  of  damage  propagation  by  yielding 
well-focussed  photographs  and  scans,  respectively.  X-ray  photo¬ 
graphs  show  even  small  cracks,  whereas  the  ultrasonic  C-scans  are 
better  suited  for  the  detection  of  two-dimensi onal  defects  as 
delaminations.  B  ch  techniques  are  stationary  (like  the  destruc¬ 
tive  test  methods),  i.e.,  the  test  specimens  are  inspected 
outside  the  test  machine  in  a  separate  laboratory.  The  spatial 
resolution  of  both  the  radiographic  and  the  ultrasonic  technique 
is  remarkable.  On  the  other  side,  the  in-situ  techniques  pursue 
the  process  of  defect  propagation  immediately  under  load.  They 
are  characterized  as  quasi-nondestructive,  i.e.,  the  specimens 
are  indeed  damaged  during,  but  not  by  their  application.  The 
acoustic  emission  analysis  is  particularly  suited  for  the  resol¬ 
ution  of  the  damage  progression  process  with  respect  to  time  and 
time-dependent  parameters.  The  other  in-situ  technique  used  in 
the  Institute  of  Structural  Mechanics  is  the  grating  reflection 
technique  which  yields  photographs  showing  the  surface  defor¬ 
mations  of  the  specimens  under  evaluation.  The  individual 
strength,  and  weaknesses  of  these  techniques  are  summarized  in 
Fig.  4.1. 

The  potential  of  the  acoustic  emission  and  of  the  grating 
reflection  technique  are  described  in  more  detail  in  Appendices  A 
and  B . 
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4.2  Radiography 

The  radiographic  principle  allows  the  detection  of  variable  mass 
distributions  in  laminates  of  uniform  thickness  which  implies 
that  radiography  allows  the  detection  of  porosities,  inclusions 
of  foreign  matter,  and  of  matrix  cracks.  The  central  problem  is 
the  realization  of  sufficiently  high  degrees  of  contrast  which, 
in  view  of  the  low  molecular  weight  of  the  carbonfibers  and  the 
attendant  inability  to  absorb  high  energy  radiation,  requires  the 
application  of  low  voltage  X-rays  in  the  range  from  10-100  kV.  The 
quality  of  radiographic  investigations  is  influenced  also  by 
their  lateral  resolution  which  depends  on  the  radiation  source 
and  the  geometry  of  the  test  specimen. 

In  the  case  of  externally  accessible  cracks  or  delaminations  the 
contrast  can  be  enhanced  by  the  application  of  high  density  liq¬ 
uids  such  as  tetrabromethane  ( TBE )  or  diiodinemethane  capable  of 
penetrating  into  extremely  thin  crevices,  although  care  must  be 
taken  to  guard  against  chemical  reactions  between  the  resin  and 
the  contrasting  agent.  Typical  examples  of  radiographic  records 
a  a  displayed  in  Fig.  4.2,  showing  the  crack  formation  in  a 
notched  tensile  test  specimen  and  the  extent  of  an  edge  delami¬ 
nation,  respectively,  after  diiodinemethane-treatment. 


4.3  Ultrasonic  Techniques 

All  ultrasonic  techniques  are  based  on  the  emission  of  an  acous¬ 
tic  impulse  into  the  test  specimen  and  the  evaluation  of  the  meas¬ 
ured  energy  flux.  According  to  the  kind  of  measurement  one 
differentiates  between  the  pulse-echo  technique  and  the 
through-transmission  technique.  Both  techniques  have  been  in  use 
for  decades;  however,  their  adaptation  to  carbonf iber-reinf orced 
laminates  is  encumbered  by  the  high  sound  attenuation  of  the 
material  which  leads  to  low  signal-to-noi se  ratios.  A  modifica¬ 
tion  of  standard  equipment  requires  at  least  highly  damped 
transducers  and  a  narrowband  transmitter  with  variable  pulse  fre¬ 
quency.  New  investigations  show  a  further  improvement  in  using  a 
receiver  f i 1 ter-technique  (EF-System),  which  has  been  developed 
in  the  Institute  of  Structural  Mechanics  [4.2).  In  order  to 


' 
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obtain  reproducible  coupling  between  transducer  and  laminate 
surface,  the  actual  testing  is  performed  under  water. 

Fig.  4.3  shows  the  ultrasonic  test  setup  and  identifies,  schemat¬ 
ically,  four  types  of  echo  signals:  1)  the  front  surface  echo 
with  the  shortest  transit  time,  2)  the  defect  echo  in  case  a 
defect  exists,  3)  the  back  surface  echo  and  4)  the  bottom  echo. 
In  the  pulse-echo  technique  the  comparison  of  echo  signals  occur¬ 
ring  between  the  front  and  back  surfaces  to  prescribed  threshold 
values  is  used  as  a  criterion  for  the  existence  or  non-existence 
of  a  defect  at  the  point  in  question.  Evidently,  the  location  of 
the  defect  echo  identifies  also  the  depth  of  the  defect.  By  sys¬ 
tematic  movemeiits  of  the  transducer  the  entire  laminate  can  be 
scanned  and  the  lateral  externt  of  the  defects  made  visible  by 
yes-no  or  black-white  signals  at  neighboring  points  in  the  form 
of  a  two-dimensional  C-scan  as  shown,  typically,  in  Fig.  4.4. 

Alternatively,  the  intensity  of  the  back-surface  echoes  or  the 
bottom-surface  echoes  can  be  used  as  critical  parameters  for 
yes-no  decisions.  In  the  presence  of  a  defect  the  echoes  will  be 
attenuated  and  returned  to  the  transducer  with  diminished  ampli¬ 
tudes  whose  comparison  to  nominal  values  will  produce  the  desired 
C-scans.  Instead  of  yes-no  decisions  it  is  also  possible  to 
record  the  inverse  values  of  the  amplitudes  themselves  and  con¬ 
struct  C-scans  of  the  form  shown  in  Fig.  4.5.  From  these  figures 
it  can  be  deduced  that  the  ultrasonic  facilities  at  the  Institute 
for  Structural  Mechanics  allow  the  reproducible  identification 
of  delaminations  with  diameters  of  d  S  0.5  mm. 


4.4  Acoustic  Emission  Analysis 

The  analysis  of  acoustic  emissions  resolves  the  irreversible  pro¬ 
cess  of  damage  progression  with  respect  to  time-dependent  parame¬ 
ters  It  supports  the  interpretation  of  individual  phases  of 
damage  growth  as  well  as  the  dynamics  of  the  process  as  a  whole 
[4.3]  . 

Under  sufficiently  high  loads  mechanical  energy  will  be  released 
at  critical  locations  of  a  test  specimen,  s.g.,  a  crack  tip.  The 


4-4 


energy  release  is  accompanied  by  the  creation  and  propagation  of 
acoustic  waves  which  can  be  sensed  by  piezoceramic  transducers 
and  on  account  of  the  elongations  of  the  piezoelectric  crystals 
evaluated  in  terms  of  electric  voltages.  Fig.  4.6  is  a  represen¬ 
tation  of  the  electric  signals  associated  with  a  typical  acoustic 
emission  and  recorded  with  modern  equipment.  In  the  course  of 
such  an  event  the  amplitudes  of  the  acoustic  wave  exceed  a  prede¬ 
termined  threshold  value  a  number  of  times  which  is  referred  to  as 
count  number.  Recorded  also  can  be  the  onset  and  duration  of  the 
event  in  real  time,  the  peak  amplitude,  the  rise  time  to  reach  the 
peak  and  the  energy  content  of  the  event.  It  is  further  possible 
to  perform  frequency  analyses  of  the  acoustic  wave  at  given 
points  in  time.  Fig.  4.7  shows  a  typical  acoustic  emission  eval¬ 
uation  in  different  ranges  of  time  resolution. 

The  proper  identification  of  these  signals  requires  skill  and 
experience.  The  Institute  for  Structural  Mechanics  has  succeeded 
in  using  acoustic  emission  analyses  for  the  location  of  acoustic 
emissions  in  slender  test  specimens  and  for  the  differentiation 
between  fiber  breaks  and  matrix  cracks  [4.4]. 


4.5  Grating  Reflection  Techniques 

The  principle  of  this  optical  in-situ  technique  is  illustrated  in 
Fig.  4.8  [4.5].  The  human  eye,  or  a  camera,  C,  observes  on  the 
mirror  surface  of  the  test  specimen  the  reflection  of  a  regular 
illuminated  grating,  G.  If  the  surface  of  the  test  specimen 
changes  its  slope  locally  then,  at  constant  angle  of  view,  a  point 
P  on  the  grating  perceived  previously  will  be  replaced  by  a  dif¬ 
ferent  point  P',  i.e.,  the  initially  parallel  lines  of  the 
reflected  grating  move  in  consonance  with  the  deformations  of  the 
test  specimen.  Fig.  4.9  shows  the  onset  and  progression  of  edge 
delaminations  as  registered  by  the  distortions  of  the  grating 
[4.6J.  Apart  from  the  significance  of  such  qualititive  indi¬ 
cations  it  is  also  possible  to  obtain  quantitative  data  by  the 
evaluation  of  precise  measurements. 
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Fig.  4.2  X-ray  photograph  of  a  CFRP  laminate  with  cracks  and  edge  delaminations. 
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Fig.  4.7  Different  ranges  of  time  resolution  for  AE  tests. 


S-l 


5,  ANALYSIS  TOOLS 

5.1  Summary 

In  the  course  of  the  research  program  the  need  for  analytical  sup¬ 
port  arose  in  connection  with  the  treatment  of  large  numbers  of 
test  results  and  with  the  assessment  of  stress  distributions 
leading  to  damage  progression  or  fracture. 

Carbonf iber-reinforced  laminates,  even  when  carefully  prepared 
and  tested  under  ideal  conditions,  exhibit  a  certain  scatter  in 
their  characteristic  values.  The  evaluation  of  such  values  by 
statistical  means  enhances  the  interpretation  of  the  data  and 
contributes  to  the  understanding  of  the  fracture  processes. 

With  respect  to  stress  analyses,  the  complexity  of  most  problems 
defy  closed-form  solutions  and  require  computerized  finite-  ele¬ 
ment  techniques.  In  principle,  general  purpose  programs  like  ASKA 
are  capable  of  coping  with  most  of  the  arising  issues  and  were 
successfully  utilize  '.  However,  the  necessary  degree  of  refine¬ 
ment  of  the  element  meshes  leads  to  exorbitant  computing  costs 
especially  in  the  iterative  solutions  of  nonlinear  problems. 
Another  shortcoming  of  the  standard  codes  is  the  lack  of  specific 
failure  criteria  for  the  tracking  of  damage  propagation  in  lami¬ 
nated  composites.  For  these  reasons  the  development  of  a  new 
special  purpose-computer  program  LAMINA  was  initiated.  Its  basic 
component  is  a  triangular  hybrid  plate  element  with  degrees  of 
freedom  for  bending  and  membrane  action  as  well  as  for  normal  and 
shearing  stresses  on  its  upper  and  lower  surfaces.  A  special  con¬ 
densation  scheme  was  introduced  for  producing  multilayer  plate 
elements  as  well  as  substructures  so  that  arbitrarily  stacked 
laminates  can  be  modelled  in  great  detail  with  a  relatively  small 
number  of  degrees  of  freedom.  Failure  progression  criteria  are 
appended  to  the  s  stem  of  simultaneous  equations  in  such  a  way 
that  the  tracking  of  the  damage  progression  does  not  require 
repeated  triangularization  of  the  global  stiffness  matrix. 
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Appendix  C  "Eine  effektive  Tei 1 struktur techni k  angewendet  auf 
Bruchprobleme"  treats  the  development  of  the  LAMINA  program  in 
more  detail . 


5.2  Statistical  Data  Treatment 

The  measured  data  sets  from  the  experimental  test  series  were 
subjected  to  a  significance  test  (T-test)  with  the  aim  of  deter¬ 
mining  whether  observed  differences  in  the  properties  of  two  ran¬ 
dom  sample  sets  were  due  to  accidental  scatter  or  to  the  influence 
of  environmental  conditions.  As  a  prerequisite  for  the  T-test,  a 
so  called  F-test  was  performed  in  which  the  variances  of  the  two 
random  samples  sets  were  compared.  This  test  determines  whether 
srgnificant  or  non-significant  differences  exist  between  the  two 
variances  and  identifies  the  size  of  the  sample  sets  for  the 
T-test.  The  T-test  ultimately  compares  the  mean  values  of  the 
random  sample  sets  and  establishes  whether  one  of  the  environ¬ 
mental  parameters  is  of  influence  or  not.  Both  the  T-test  and  the 
F-test  were  conducted  on  the  basis  of  a  confidence  level  of  5%.  A 
requirement  for  the  application  of  the  significance  test  is  an 
approximately  normal  distribution  of  the  data  sets  resulting  from 
static  tests.  In  the  case  of  fatigue  data  it  was  checked  whether 
the  measured  life  cycles  fitted  the  Weibul 1-model  based  on  a  two 
parameter  distribution  law  [5.1], 

The  results  are  graphically  displayed  in  the  form  of  probability 
diagrams,  shown  typically  in  Fig.  5.1,  in  which  the  distribution 
functions  are  represented  as  straight  lines  so  that  a  linear 
regression  of  the  measured  test  data  can  be  expected.  The  level  of 
confidence  associated  with  the  data  sets,  in  context  with  a  given 
distribution  law,  was  identified  by  means  of  upper  and  lower  con¬ 
fidence  bands  for  the  entire  regression  function.  The  confidence 
bands  are  based  on  a  confidence  level  of  5%  or  10%.  The  width  of 
the  confidence  bands,  of  course,  depends  on  the  number  of  random 
samples  and  on  the  scatter  of  the  individual  data  about  the 
regression  function;  however,  if  the  amount  of  scatter  is  within 
reasonable  bounds,  sets  of  8-12  individual  random  samples  suffice 
for  rather  narrow  confidence  bands.  In  the  majority  of  cases  it 
could  be  demonstrated  that  a  normal  distribution  of  static  data 
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prevailed  and  that  the  failure  rate  of  fatigue  data  follows  the 
Weibull  model.  Fig.  5.2  contains  characteristic  scatter  values, 
char ac te r i stic  distribution  parameters  and  an  approximated  den¬ 
sity  function. 


5.3  Computer  Program  ASKA 

Finite  element  programs  have  proven  to  be  capable  of  solving  a 
wide  variety  of  structural  problems.  One  of  the  most  thoroughly 
developed  codes  available  is  ASKA  (Automatic  System  for  Kinematic 
Analysis),  originated  by  the  I SD  at  the  University  of  Stuttgart. 
Of  the  many  features  in  ASKA,  only  the  linear  static  analysis  part 
was  used  for  two  specific  tasks  [5.2). 

For  the  assessment  of  the  edge  effect  encountered  in  test  speci¬ 
mens  of  multidirectional  laminates,  stress  analyses  were  per¬ 
formed  with  physical  models  comprised  of  the  pentahedron  element 
PENTA18  and  the  hexahedron  element  HEXE27.  Anisotropic  material 
prop-  rties  were  assigned  to  every  element.  The  approximation  of 
the  free  edge  stresses  required  up  to  16  such  elements  over  the 
thickness  of  one  layer,  resulting  in  stiffness  matrices  of  very 
high  orders.  With  the  aid  of  a  multilevel  substructuring  tech¬ 
nique,  the  computational  efforts  could  be  considerably  reduced. 
Special  purpose  programs  were  written  for  generating  the  input 
data  as  well  as  plotting  the  stress  distributions. 

In  regard  to  stress  intensity  factors,  ASKA  was  applied  to  deter¬ 
mine  this  property  for  notched  unidirectional  laminates.  Reli¬ 
able  results  can  only  be  achieved  if  the  element  grids  show  a 
considerable  mesh  refinement  in  the  vicinity  of  the  crack  tip 
[5.3]  .  Such  grids,  mainly  from  the  triangular  membrane  element 
TRIM6,  were  generated  by  a  se 1 f-deve loped  preprocessor  which  is 
capable  of  handling  different  fiber  directions  and  different 
crack  lengths.  The  analysis  results  served  also  as  a  guide  line 
for  the  inclusion  of  a  damage  progression  model  into  the  LAMINA 
program . 
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5.4  Computer  Program  LAMINA 

A  detailed  three-dimensional  stress  analysis  in  laminated  com¬ 
posites  necessitates  a  rather  fine  element  grid  in  the  plane  of 
the  laminate  as  well  as  in  the  thickness  direction.  The  resulting 
systems  of  linear  equations  are  large  and  their  numerical  sol¬ 
ution  is  costly. 

In  the  case  of  non-linear  problems  the  system  of  equations  must  be 
solved  iteratively  with  considerabl y  increased  numerical  effort. 
The  computer  program  PAM-FISS  of  Engineering  System  Interna¬ 
tional  (ESI)  requires  for  a  crack  analysis,  for  example,  a  mod¬ 
ification  and  new  solution  of  the  system  of  equations  after  every 
progression  of  the  crack.  The  associated  computing  effort  makes 
'he  solution  of  even  more  complicated  problems  without  benefit  of 
one  or  more  axes  of  symmetry  practically  impossible. 

rhysically  non-linear  phenomena  such  as  rupture,  plastic  flow, 
niorocracks,  friction,  etc.,  may  be  interpreted  as  constraints 
which  act  on  the  linearly  elastic  structure.  In  finite  element 
formulations  these  constraints  augment  the  syst  m  of  equations 
rather  than  change  it,  i.e.  the  matrix  of  coefficients  needs  to  be 
assembled  and  partitioned  only  once  (Fig.  5.3)  .  In  case  of  a  prop¬ 
agating  crack  only  the  newly  arising  and  the  immediately 
preceding  constraints  must  be  newly  formulated  and  partitioned. 
The  resulting  iterative  process  is  very  fast  at  the  cost, 
however,  of  non-positive-definite  systems  of  equations  wi th  var¬ 
ying  order . 

Relative  to  the  overall  structural  dimensions  the  damaged  zones 
in  a  laminate  are  small,  so  that  major  portions  of  the  structure 
are  linearly  elastic  and  can  be  represented  as  substructures.  The 
substructures  are  set  up  only  once  and  then  used  repeatedly  dur¬ 
ing  the  successive  calculation  process  of  the  damaged  zone.  A 
rather  simple  modification  of  the  equation-solving  algorithm 
allows  a  straight-forward  development  of  the  substructures  (Fig. 
5.4  and  Fig.  5.5).  This  new  technique  accommodates  readily  the 
method  of  boundary  equations  for  the  treatment  of  physical 
non-linearities  as  in  both  cases  the  external  variables  are 
treated  identically. 
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For  the  efficient  solution  of  such  problems  no  computer  program 
is  currently  available.  An  extension  of  existing  finite-element 
codes  did  not  appear  sensible  because  an  adaptation  of  such  a  code 
would  further  complicate  the  already  intricate  program  organiza¬ 
tion  for  stepwise  growing  systems  of  equations.  Therefore,  the 
development  of  a  special  computer  program  with  the  acronym  LAMINA 
was  initiated. 

The  program  LAMINA  was  conceived  especially  for  the  investigation 
of  physically  non-linear  problems.  The  INCORE-version  for  line¬ 
arly  elastic  structures  has  been  completed  and  contains  the  fol¬ 
lowing  special  features: 

•  the  systems  of  equations  must  be  symmetric  but  need  not  be 
positive -definite; 

•  variation  of  boundary  values  and  load  cycles  are  admissible; 

•  the  number  of  unknowns  in  the  systems  of  equations  can  be 
stepwise  increased; 

•  an  efficient  substructure  routine  allows  the  partitioning 
and  coupling  of  arbitrarily  divided  structural  segments,  the 
sequence  of  the  unknowns  to  be  coupled  being  unconstrained; 

•  identical  elements  or  substructures  are  recognized  and  cal¬ 
culated  only  once; 

•  the  calculation  of  I-integrals  and  energy  release  rates 
according  to  the  crack  closure  method  are  included. 

Presently  a  plot  routine  is  being  implemented  for  the  graphic 
display  of  stress  intensity  factors.  The  program  at  this  time 
operates  with  an  extended  beam  element  especially  developed  for  a 
precise  calculation  of  interlaminar  stresses.  Crack  and  fracture 
criteria  are  not  yet  automated  parts  of  the  program  but  can  be 
simulated  by  appropriate  coupling  of  substructures  [5.4). 


A 
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6.  RESPONSE  OF  STATICALLY  TESTED  UN-NOTCHED  SPECIMENS 


6 . 1  Summary 

It  is  a  major  advantage  of  fiber-reinforced  laminates  that  the 
fiber  direction  and  the  stacking  order  of  the  individual  plies 
can  be  arranged  such  that  they  match  the  load  paths  of  the  struc¬ 
ture.  As  the  load  paths  differ  from  location  to  location,  several 
different  laminate  configurations  ought  to  be  employed  in  the 
efficient  design  of  a  fiber- reinforced  structure.  Unless  the 
properties  of  multidirectional  laminates  with  arbitrary  ply 
arrangements  can  be  predicted  analytically,  they  must  be  derived 
by  time-  and  cost-consuming  test  programs.  A  promising  approach 
to  such  predictions  is  the  synthesis  of  multidirectional  lami¬ 
nates  based  on  the  well-defined  characteristics  of 
unidirectional  plies  established  by  test.  The  attempted  fore¬ 
casts  are  complicated  by  the  nonlinear  constitutive  laws  of  the 
laminates  and  by  the  susceptibility  of  the  matrix  systems  to  tem¬ 
perature  and  moisture. 


6.2  Test  Program 

The  corresponding  test  program  comprised  the  determination  of  all 
pertinent  properties  of  unidirectional  plies  for  three  fiber- 
matrix  systems  of  carbonf iber-reinf orced  epoxies  (CFRE)  under 
the  temperature  and  moisture  conditions  displayed  in  Fig.  6.1. 
These  properties  form  the  basis  for  the  analytical  prediction  of 
the  response  of  the  multidirectional  laminates  identified  in  Fig. 
6.2.  The  predictions  include  the  elastic  moduli,  first  ply  fail¬ 
ure  and  tensile  strength  of  the  laminates  and  take  into  account 
the  state  of  prestress  induced  by  temperature  and  moisture.  Addi¬ 
tional  tests  were  performed  with  multidirectional  laminates  to 
validate  the  analytical  predictions  and  to  support  the  failure 
analysis.  The  following  chapters  focus  on  the  essential  features 
of  the  related  efforts. 
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6.3  Influence  of  Moisture 

Most  polymeric  materials  absorb  moisture  by  diffusion.  In  epoxy 
resins,  e.g.  Fibredux  914,  the  maximum  moisture  content  may 
amount  to  9  %  of  the  initial  dry  weight.  The  absorbed  water  mole¬ 
cules  influence  the  elastic  modulus  of  the  resin  as  well  as  its 
elongation  as  shown,  typically,  in  Fig.  6.3.  Another  effect  of 
moisture  absorption  is  a  volumetric  change,  the  so-called  swell¬ 
ing  of  the  resin.  The  swelling  strain  is  expressible  as  the 
product  of  the  swelling  coefficient  and  the  change  of  moisture 
percentage  AM  [6.1], 


AM. 


Carbon  fibers  as  such  are  unaffected  by  moisture,  but  in 
fiber-reinforced  laminates  they  are  subject  to  stresses  and 
strains  resulting  from  the  fiber-matrix  interaction.  Swelling 
coefficients  for  uni  di recti onal 1 y  reinforced  laminates  are  dis¬ 
played  in  Fig.  6.4  [ 6 . 2 ]. 1 1  i s  apparent  that  swel 1 ing  occurs  pre¬ 
dominantly  normal  to  the  fiber  direction,  and  that  the 
deformation  constraints  in  crossplied  laminates  can  induce  very 
sizable  prestresses. 


6.4  Influence  of  Temperature 

The  effects  of  temperatures  on  epoxy  resins  are  similar  to  those 
produced  by  moisture.  At  elevated  temperatures  the  stiffness  pro¬ 
perties  diminish  and  the  elongation  to  failure  increases.  The 
resulting  volume  changes  are  governed  by  the  thermal  strain 

c p£i  =  a^,  AT. 

As  in  the  case  of  moisture  the  carbon  fibers  remain  dimensionally 
stable  and  produce  interaction  stresses  in  fiber-reinforced  lam¬ 
inates.  The  strength  reduction  and  the  increase  of  shear  deforma¬ 
tion  of  a  typical  epoxy  resin,  and  the  coefficients  of  thermal 
expansion  for  three  types  of  thermosetting  resins  are  given  in 
Fig.  6.5  and  Fig.  6.6,  respectively  [6.3].  Using,  at  moderate 
temperatures,  a  mean  value  for  the  coefficient  of  thermal  expan- 
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sion  of  the  resin  and  the  carbon  fibers,  the  expansion  coef¬ 
ficients  for  unidirectionally  reinforced  laminates  can  be 
calculated  and  are  displayed  in  Fig.  6.7.  Again,  the  more  signif¬ 
icant  strains  occur  in  the  direction  transverse  to  the  fibers,  so 
that  a  high  state  of  prestress  must  be  associated  with  crossplied 
laminates  16.4] . 

6.5  Properties  of  Unidirectional  Laminates 

Because  of  the  discrepant  thermal  coefficients  of  carbon  fibers 
and  epoxy  tesins,  prestresses  are  induced  in  the  course  of  the 
curing  process  of  the  laminates  by  the  difference  between  the 
lock-on  and  the  ambient  temperature.  These  prestresses  affect  to 
some  extent  the  strength  of  laminates  tested  under  different  tem¬ 
peratures,  however,  no  attempt  has  been  made  to  account 
analytically  for  their  presence.  The  test  results  of  the  lami¬ 
nates  described  in  the  subsequent  sections  are  displayed  in 
three-dimensional  diagrams  with  temperature  and  moisture  content 
as  abscissae.  The  graphs  represent  the  compensated  functions  of 
the  mean  values  with  standard  deviations. 


6.5.1  [0°jg]  Laminates  under  Tension 

Figs.  6.8,  6.9  and  6. 10  show  that,  in  the  -55  °C  to  +80  °C  regime, 
the  tensile  strength  in  the  fiber  direction  of  dry  test  specimens 
increases  with  rising  temperatures.  Apparent  explanations  are 
the  gradual  reduction  of  the  prestresses  due  to  curing,  and  the 
diminishing  brittleness  of  the  resin  which  allows  an  alignment  of 
the  fibers  and  a  better  load  distribution.  Beyond  80  °C,  however, 
the  strength  properties  decrease  because  the  shear  transfer 
between  fibers  becomes  less  effective  in  the  continually  soften¬ 
ing  resin. 

Specimens  tested  at  constant  ambient  temperature  and  increasing 
moisture  content  also  display  improved  tensile  strength  for  simi¬ 
lar  reasons.  The  reduction  of  the  curing  prestress  in  this  case  is 
due  to  the  swelling  of  the  matrix,  accompanied  by  a  plastifica- 
tion  of  the  resin.  At  constant  moisture  levels  and  increasing 
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temperatures  the  resin  again  softens  to  the  point  where  the  shear 
transfer  between  fibers  suffers  and  results  in  reduced  strengths. 

The  modulus  of  elasticity  increases  slightly  with  increasing 
loads,  which  is  compatible  with  the  improved  load  distribution 
due  to  fiber  alignment  [6.9].  At  load  levels  close  to  rupture,  the 
modulus  of  elasticity  in  all  of  the  tested  fiber-resin  systems  is 
fairly  insensitive  to  higher  temperature  levels  and  moisture  con¬ 
tents  since  the  modulus  depends  predominantly  on  the  fiber 
properties.  Figs.  6.11,  6.12  and  6.13  show  the  corresponding 
numerical  values.  The  scatter  is  probably  due  to  the  unavoidable 
modest  variations  of  the  fiber  volume  fraction. 

6.5.2  f ] -Laminates  under  Tension 

In  test?  conducted  under  tensile  loads  applied  transverse  to  the 
fiber  direction,  the  three  fiber-resin  systems  exhibi t  the  some¬ 
what  inconsistent  strength  response  observable  in  Figs.  6.14, 
6.15  and  6.16.  The  reasons  lie  in  the  different  degrees  of  duc¬ 
tility  of  the  resins  which  tend  to  smooth  the  local  stress  conr ;n- 
trations  in  the  resin,  and  in  the  different  characteristics  of 
the  fiber-resin  interfaces.  Investigations  of  the  fracture  sur¬ 
faces  show  that  the  reduction  of  the  tensile  strength  at  high 
temperatures  and/or  high  moisture  levels  is  essentially  caused  by 
weakening  of  the  interface  properties. 

Figs.  6.17,  6.18  and  6.19  summarize  the  dependence  of  the  trans¬ 
verse  modulus  of  elasticity  on  temperature  and  moisture.  Common 
to  all  systems  is  the  degradation  of  the  modulus  at  constant  mois¬ 
ture  content  and  increasing  temperature,  due  to  the  softening  of 
the  resins.  This  effect  is  even  more  pronounced  at  higher  mois¬ 
ture  contents . 


6.6  Properties  of  Cros;  plied  Laminates 


This  type  of  stacking  order  is  used  for  the  determination  of  the 
shear  properties  of  unidirectional  laminates.  The  shear  strength 
in  the  plane  of  an  individual  ply,  often  referred  too  as  intrala- 
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minar  shear  strength,  and  the  associated  shear  modulus  can  be 
deduced  from  the  strength  and  strain  measurements  of 
[  ±45°  ]-l  aminat.es .  Figs.  6.20,  6.21  and  6.22  display  the  shear 

strengths  of  the  three  fiber-resin  systems  as  functions  of  tem¬ 
perature  and  moisture  content.  It  is  evident  that  the  shear 
strengths  at  constant  moisture  levels  degrade  with  increasing 
temperature.  At  constant  temperatures  up  to  40  °C  a  slight 
improvement  occurs  in  the  presence  of  high  moisture  contents, 
while  above  40  nC  a  general  deduction  is  noticeable.  An  apparent 
contrad’  rtion  is  the  loss  of  strength  at  high  temperatures  in  the 
presence  of  an  improved  elongation  to  failure  of  the  resin.  The 
explanat ion  is  the  degradation  of  the  adhesive  interface  proper¬ 
ties  already  noted  in  dry  specimens  which  tend  to  deteriorate 
further  in  moist  conditions. 

The  dependence  of  the  shear  modulus  on  temperature  and  moisture 
given  in  Figs.  6.23,  6.24  and  6.25,  is  similar  to  that  of  the 

transverse  modulus  of  elasticity.  The  softening  of  the  resins 
leads  to  a  reduction  of  the  shear  modulus  which  is  especially  pro¬ 
nounced  at  120  °C  in  the  simultaneous  presence  of  high  moisture 
levels . 


6.7  Interlaminar  Shear  Tests 

Interlaminar  shear  tests  have  been  included  in  the  test  program 
to  support  the  failure  analysis  of  fractured  laminates.  The  test 
were  limited  to  short  beam  specimens  with  a  free  span  to  thickness 
ratio  of  5.  Figs.  6.26,  6.27  and  6.28  indicate  clearly  that  the 
strength  reduction  in  hot  and  moist  environments  is  even  higher 
than  in  the  in-plane  tests.  The  results  support  the  supposition 
that  in  matrix-controlled  failure  modes  the  interface  properties 
play  an  important  role  and  counteract  the  positive  effect  of  the 
plasti f ication  of  the  resins. 
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G.8  Prediction  of  Physical  Properties  of  Multidirectional  .minates 

The  expressed  purpose  of  the  test  program  described  in  the  pre¬ 
ceding  sections  was  to  determine  those  properties  of  unidirec¬ 
tional  laminates  which  would  allow,  by  synthesis,  the  prediction 
of  all  pertinent  physical  properties  of  multidirectional  lami¬ 
nates  with  ply  orientations  of  0°,  +45°  and  90".  The  inclusion  of 
another  angle  would  require  additional  computation  work  and 
checks  by  experimental  testing. 


P.8.1  Coefficients  of  Swelling 

i g .  6.4  contains  the  coefficients  of  swelling  measured  parallel 
•••vi  transverse  to  »  he  fibers  of  unidirectional  1  es .  With 

*  h»se  data  the  swelling  coefficients,  fox  multi  !  i  i  ec  tlona  1  1am- 
■  nates  can  be  calculated  by  the  known  relationships  of  the  lami¬ 
nation  theory.  The  resulting  coefficients  for  laminates  with  ply 
directions  of  0°,  +45°  and  90°  and  a  fiber  volume  of  60  %  are 
shown  in  Fig.  6.29  in  the  form  of  a  carpet  plot  [6.61.  The  swell¬ 
ing  strains  relate  to  a  moisture  content  expressed  in  weight 
percent  and  have  the  form 


'y 


=  QgXlO 


-2 


AM. 


6.8.2  Coefficients  of  Thermal  Expansion 

The  calculation  of  the  coefficients  of  thermal  expansion  for  mul¬ 
tidirectional  laminates,  based  on  the  properties  of  unidirec¬ 
tional  laminates,  is  in  all  respects  similar  to  that  of  the 
coefficients  of  swelling.  With  the  appropriate  data  from  Fig. 
6.7,  the  coefficients  of  thermal  expansion  for  laminates  with  ply 
directions  of  0°,  ±45°  and  90°  and  a  fiber  volume  content  of  60  % 
as  displayed  in  Fig.  6.30  [6  5).  The  thermal  strains  follow  from 
the  equation 


t =  aT  AT. 
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A  comparison  of  the  effects  of  thermal  expansion  and  swelling 
transverse  to  the  fibers  of  a  unidirectional  laminate  shows  that 
a  charm0  in  moisture  content  of  AH  =  1  %  produces  a  strain  equiv¬ 
alent  to  a  temperature  change  of  AT  =  120  °C . 

6.8.3  Moduli  of  Elasticity 

With  the  experimentally  determined  properties  E|(  =  E^,  Ej  -  E,. 
r.  i  -  .. .  and  ,  =  v., ,  as  functions  of  temperature  and 

mor  stilt-.1  -lie  rt  •.  f  fn°ss  and  flexibility  coefficients  of  mu  1  C  id  ;  - 
>•..>  * ‘  ■  ■  ]  t  :  •  can  be  deter  mined  J>y  the  lamination  t  h.  ?  >r  y 

;  6  .  •’  t  ).  -  i  r  ■  ■  i  ->qui  si  tes  are  balance  and  symmetry  about  *  :r- 

m  ;  ..|p  •  -  ‘ •  i  .-.in  >  s.He,  and  a  membrane  state  of  stress.  For  am- 

7  nv:"  ’  y  i  i  v*c  t  i  oris  of  O’,  ±16”  a  i  -  d  90”  ‘ho  modiicu?  F. 

fo"  v  ;  i  •,  ;*t  environment  of  23  °C  and  50  %  relative  huru-H- 
t.-.y.,  j ..  .  ;  i,  ■/..  i  •  „  Fig.  6.31  |  6 . 5  |  .  I  f  the  sum  of  the  0°  m.i  •  •!•>- 

pp'-cmitci  idonti  f  ied  in  the  figure  is  less  than  100  %,  than  ’he 

di  f  fpi-"irn  r  epr»«ents  the  percentage  of  90”  piles.  Similar  dr  a- 
grams  can  be  established  for  the  Ct  ^  of  the  individual  plies  in 
dependence  of  temperature  and  moisture. 

fig.  6.32,  6.33  and  6.34  contain  comparisons  of  calculated  and 
measured  moduli  of  elasticity  for  several  stacking  orders.  Within 
reasonable  limits  the  moduli  are  unaffected  by  moisture  and  i_em- 
pe ratu re  i 6 . o | . 

6.8.4  Strpnfith  Predict  ions 

The  strength  properties  of  unidirectional  and  multidirectional 
laminates  can  be  predicted  through  interaction  failure  criteria 
either  in  the  stress  or  in  the  strain  domain  |6.7).  Such  criteria 
assume  a  macroscopic  homogeneity  of  the  material  and  contain  ana¬ 
lytical  relationships  for  the  strength  properties  under  compound 
stresses.  The  strength  of  multidirectional  laminates  depends  on 
the  strength  of  its  individual  plies.  Under  increasing  load  one 
of  the  plies  will  fail  initially  (first-ply  failure)  to  be  fol¬ 
lowed  successively  by  the  failure  of  other  plies,  the  failure  of 
the  last  ply  signalling  the  fracture  of  the  laminate. 
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The  introduction  of  a  factor  R  leads  to 

a.  =  R  o™  and  e,  =  R  E,n 
11  il 

where  cn  and  represent  the  allowable  and  o™  and  e™  the  mechan¬ 
ically  induced  stresses  or  strains.  The  substitution  into  the 
failure  criterion  produces  a  quadratic  equation  for  the  determi¬ 
nation  of  the  factor  R  which,  in  case  of  linear  dependence  between 
applied  and  allowable  stresses,  is  synonymous  with  a  safety  fac¬ 
tor. 


Temperature  changes  and  moisture  absorption  give  rise  to  pre¬ 
stresses  a?,  or  prestrains  e?  which  must  be  superimposed  on  the 
mechanical  stresses  and  strains.  With 

°i  =  R  °i  +  °i  anc*  Ei  =  ^  Ei  +  Ei 
the  failure  criterion,  in  terms  of  strains,  now  assumes  the  form 


Gij(R  e™  +  e?)(R  e™  +  eP)  +  G^R  e™  +  eP)  =  1. 


The  solution  for  R  yields  the  factor  by  which  the  mechanical 
loads,  at  constant  temperature  and  moisture,  can  be  increased 
before  failure  occurs. 


Corresponding  calculations  and  comparisons  to  test  results  for 
[ 0°/90° ] g-laminates  are  summarized  in  Fig.  6.35.  In  dry  speci- 
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mens  the  calculated  first-ply  failure  levels  in  the  90°-plies, 
represented  by  dotted  lines,  clearly  rise  with  increasing  temper¬ 
ature.  In  moist  specimens  the  same  tendency  exists  with  a  shift  to 
substantially  higher  ply  failure  levels,  i.e.,  under  unidirec¬ 
tional  static  tension  loads  the  presence  of  moisture  is  decidedly 
advantageous.  The  predictions  for  laminate  fracture  are  given  by 
the  solid  lines  in  the  figure. 

Fig.  6.36  shows  similar  relationships  for  [ 0°/±45 °/90° J  -  lami¬ 
nates  with  ply-failure  predictions  for  the  90°-  and  ±45°-plies  as 
well  as  laminate  fracture.  Evidently,  the  ±45°-ply  failure,  in 
the  presence  of  high  temperature  and  moistui-e  levels,  is  preceded 
by  the  rupture  of  the  0°-plies. 

Fig.  6.3?  reflects  the  response  of  (  90°/±45 °/0° ] lami nates  .  The 
trends  of  the  first-ply  failures  correspond  to  those  in  Fig.  6.36 
with  generally  lower  stress  levels  due  to  the  reduction  of  the 
number  of  O^-plies. 


6.9  Mechanisms  of  Damage 

A  major  issue  in  all  of  the  static  tests  was  the  observation  of 
the  nature  of  the  mechanisms  leading  to  first-ply  failures  in  the 
laminates.  The  investigations  centered  on  the  formation  of 
matrix  cracks  in  various  environments,  and  on  the  failure  of  the 
interface  between  fiber  and  resin. 

6.9.1  Formation  of  Matrix  Cracks 

The  strain  levels  associated  with  first-ply  failure  and  with  lam¬ 
inate  failure  of  ( 0°/90°  ]  - laminates  subjected  to  uniaxial  ten¬ 
sion  loads  are  depicted  in  Figs.  6.38,  6.39  and  6.40  in  dependence 
on  temperature  and  moisture  content.  The  strain  measurements  were 
carried  out  by  strain  gages  applied  in  the  two  principal 
directions  of  the  laminate.  After  the  detection  of  the  first  fai¬ 
lure  in  the  90°-plies,  additional  cracks  were  observed  to  form 
under  increasing  load  until  the  laminate  failed  as  a  whole.  After 
the  tests,  all  specimens  were  examined  by  contrast-enhanced 
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radiography  to  verify  the  strain  gage  responses  and  to  ascertain 
the  locations  of  the  cracks.  The  mean  crack  distance,  ar,  was 
determined  from  the  mean  number  of  cracks  per  mm  of  the  cracked 
length  of  the  test  specimens.  At  high  enough  moisture  contents 
the  strain  capability  of  the  90°-plies  exceed  that  of  the 
0°-plles  and  the  cracks,  correspondingly,  vanish.  A  comparison 
with  Fig.  6.35  shows  that  the  actual  first-ply  failure  strains  of 
the  [ 0°/90°  ]  - laminates  are  significantly  higher  than  the  calcu¬ 
lated  first-ply  failure  strains  which  were  based  on 
1 90°^, ]- laminate  measurements.  Apparently,  the  external 
0°-plics  provide  a  smoother  stress  distribution  in  the  internal 
90°-plies  as  well  as  lateral  support.  In  view  of  this  conclusion, 
the  current  practice  of  predicting  first-ply  failure  on  the  basis 
of  the  failure  strains  of  | 90°^ )- lami nates  may  have  to  be  reeval¬ 
uated  as  being  overly  conservative. 

The  photomicrographs  of  polished  sections  of  failed  test  speci¬ 
mens  depicted  in  Fig.  6.41  are  further  evidence  that  both  temper- 
attire  and  moi ~ture  retard  the  crack  formation  in  90°-plies  and 
must  be  considered,  in  context  with  the  described  test  program, 
as  positive  influences  [6.11). 


G.9.2  Failure  of  Fiber- Resin  Interface 

In  the  preceding  sections,  first-ply  failures  were  identified 
with  the  development  of  cracks  in  the  90°-plies  of  a  laminate.  No 
attempt  was  made  to  differentiate  whether  the  failures  were 
induced  by  lack  of  cohesion  between  resin  particles,  or  by  lack  of 
adhesion  at  the  fiber-resin  interface.  The  distinction  is  impor¬ 
tant  because  improvements  of  the  resin  formulations  to  raise  the 
ply  failure  level  will  be  of  no  avail  if  the  interface  properties 
are  deficient,  and  vice  versa.  Therefore,  an  attempt  was  made  to 
investigate  the  influence  of  temperature  md  moisture  on  the  mor¬ 
phology  of  the  fracture  surfaces  of  the  tension  test  specimens. 
Fig.  6.42  shows  that  at  -55  °C  and  0  %  moisture  the  fibers  are 
fully  imbedded  in  the  resin  and  the  adhesion  is  strong  enough  to 
cause  clean  rupture  planes  of  the  fibers.  Apparently,  the  lami¬ 
nate  failed  due  to  lack  of  cohesion  in  the  resin.  At  -55  °C  and 
moisture  saturation  at  93  %  relative  humidity,  the  fracture  sur- 
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faces  of  90°- laminates  have  a  different  appearance.  Adhesion  of 
the  resin  to  the  fibers  is  still  evident  but  the  inclination  of 
the  fiber  rupture  planes  to  the  fiber  axis  indicates  a  lower  qual¬ 
ity  of  the  interface  properties  which  is  consistent  with  the 
reduced  strength  data  in  Fig.  6. 14. 

Microphotographs  of  tests  performed  at  120  °C  are  displayed  in 
Fig.  6.43.  At  0  %  moisture  the  interface  shows  some  degree  of 
deterioration  but  the  fiber  rupture  planes  are  still  normal  to 
the  fiber  axis.  Specimens  tested  after  saturation  in  93  %  rela¬ 
tive  humidity  and  at  120  °C,  however,  exhibit  fracture  modes  of  a 
different  kind.  The  fiber  surfaces  are  now  clean  and  no  evidence 
of  fiber  ruptures  can  be  found,  indicating  a  drastic  degradation 
of  the  adhesive  bond  at  the  interface.  The  correspondingly  low 
strength  properties  of  90°-laminates  in  hot-wet  conditions, 
shown  also  in  Fig.  6.14,  have  often  been  explained  as  an  undesira¬ 
ble  synergistic  effect  of  the  epoxy  resins.  In  the  light  of  the 
described  observations  it  appears  more  reasonable  to  interpret 
the  degradation  as  an  interaction  of  two  quite  different  phenome¬ 
na  and  to  concentrate  on  the  improvement  of  the  interface 
properties  in  hot-wet  environments. 
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Fig.  6.8  Longitudinal  tensile  strength  of 

CFRE- laminates  as  function  of  test 
temperature  and  specimen  moisture 
content . 
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Fig.  6.9  Longitudinal  tensile  strength  of 

CFRE  laminates  as  function  of  test 
temperature  and  specimen  moisture 
content . 
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with  standard  deviations 


Fig.  6. 


11  Longitudinal  modulus  of  elasticity 
of  CFRE  laminates  as  function  of 
test  temperature  and  specimen 
moisture  content. 
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Average  of  3  specimens 
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Fig.  6.12  Longitudinal  modulus  of  elasticity 
of  CFRE  laminates  as  function  of 
test  temperature  and  specimen 
moisture  content. 


Material  :  914  C  /  T  300 
Stacking  sequence : 1 90' g  ]  s  5  2  mm 

Average  of  6  specimens 
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Fig.  6.14  Transverse  tensile  strength  of  CFRE 
laminates  as  function  of  test 
temperature  and  specimen  moisture 
content . 
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Fig.  6.15  Transverse  tensile  strength  of  CFRE 
laminates  as  function  of  test 
temperature  and  specimen  moisture 
content . 


Material :  F  550  /T  300 
Stacking  sequence  !  90°e  ]s  ?2mm 

Average  of  6  specimens 
with  standard  deviations 


Fig.  6.16  Transverse  tensile  strjngth  of  CFRE 
laminates  as  function  of  test 
temperature  and  specimen  moisture 
content . 


Material:  Code  69/ 1 300 
Slacking  sequence:! 90° ]$  ?2mm 

Average  of  3  specimens 
with  standard  deviations 


Fig.  6.18  Transverse  modulus  of  elasticity  of 
CFRE  laminates  as  function  of  test 


Material:  F  550  /  T  300 
Stacking  sequence  ( 90°8  !s  =  2mm 

Average  of  3  specimens 
with  standard  deviations 


fig.  6.19  Transverse  modulus  of  elasticity  of 
CFRE  laminates  as  function  of  test 
temperature  and  specimen  moisture 
content . 
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Material :  Code  69  /  1  300 
Stocking  sequence: {♦  45°  is  e-  Zmm 

Average  of  6  specimens 
with  standard  deviations 


Fig.  6.21  In-plane  shear  strength  of  CFRE 
laminates  as  function  of  test 
temperature  and  specimer  moisture 
content . 


Material:  F  550  /  T  300  ^4^ 

Sacking  sequence  [ ?  45c4  ]  s  2  2 mm 

Average  of  6  specimens 
with  standard  deviations 


Fig.  6.22  In-plane  shear  strenyth  of  CFRE 
laminates  as  function  of  test 
temperature  and  specimen  moisture 
content . 


Material :  9UC/T300 
Slocking  sequence.! !  45°  )s  *2mm 

Average  of  3  specimens 
with  standard  deviations 


Fig.  6.23  In-plane  shear  modului  of  CFRE 
laminates  as  function  of  test 
temperature  and  specimen  moisture 
content. 


Slacking  sequenced*  45°  ]  s  2  2mm 

Average  of  3  specimens 
with  standard  deviations 


Fig.  6.24  In-plane  shear  modulus  of  CFRE 
laminates  as  function  of  test 
temperature  and  specimen  moisture 
content . 


Material:  F  550  /  1300 
Slacking  sequence :  [  t45°4  ]  s 

Average  of  ]  specimens 
with  standard  deviauons 


1 2  mm 


Fig.  6.25  In-plane  shear  modulus  of  CFRE 
laminates  as  function  of  test 
temperature  and  specimen  moisture 
content . 


Average  of  6  specimens 
with  standard  deviations 


Fig.  6.26  Interlaminar  shear  strength  o 
CFRE  laminates  as  function  of 
test  temperature  and  specimen 
moisture  content. 
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Fig.  6.27  Interlaminar  shear  strength  of 
CFRE  laminates  as  function  of 
test  temperature  and  specimen 
moisture  content. 
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MoteriQl  914  C/  T  300 
Average  of  6  specimens 
with  standard  deviations 
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Fiq.  6.32  Comparison  of  measured  and  calculated 
longitudinal  modulus  of  elasticity  of 
multidirectional  CFRE  laminate  as  function 
of  test  temperature  and  specimen  moisture 
content . 
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Material  9KC/I300 
Average  o*  3  specimens 
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Fig.  6.33  Comparison  of  measured  and  calculated 
longitudinal  modulus  of  elasticity  of 
multidirectional  CFRE  laminate  as  function 
of  test  temperature  and  specimen  moisture 
content . 
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t40°C /M  =  1.9  %  (93%rH) 120°C/M  =  0%(0%rH);120oC/M=1.9%(93%rH): 


Fig.  6.41  Crack  formation  in  a  [0°/90°)s  -  laminate 

as  function  of  test  temperature  and  specimen 
moisture  content  (xlOO). 


/ 


Fracture  surface  of  [90°g]s  -  laminate  at 
T=-55°C  with  different  specimen  moisture 
contents  (914C/T300). 
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7.  RESPONSE  OF  STATICALLY  TESTED  NOTCHED  SPECIMENS 

7.1  Summary 

By  combining  experimental  and  analytical  investigations,  an 
attempt  was  made  to  comprehend  the  significance  of  notches  in 
carbonf iber-reinf orced  epoxy  resins  (CFRE).  The  test  program 
included  quasi-static  tension  tests  with  unidirectional  on-axis 
and  off-axis  specimens  as  well  as  multidirectional  specimens  con¬ 
taining  either  a  single  central  notch  or  two  symmetrical  notches 
at  the  edges.  During  the  loading  of  the  specimens  the 
crack-opening  displacements,  the  local  strains,  the  overall  dis¬ 
placements,  and  the  length  of  the  cracks  emanating  from  the  notch 
tips  were  observed.  The  tests  were  supported  by  radiographical 
and  f ractographical  investigations  Based  on  the  test  results, 
parameters  were  determined  which  characterize  the  state  of  damage 
and  the  influence  of  stacking  order,  type  of  notch  and  length  of 
crack.  A  general  understanding  of  crack  initiation  and  crack  pro¬ 
gression  could  be  gained.  Parallel  to  the  test  effort,  numerical 
calculations  were  performed  with  the  aim  jf  establishing  failure 
criteria  for  incorporation  into  the  computer  program  LAMINA.  The 
analyses  presupposed  that  for  several  of  the  test  specimen  con¬ 
figurations  the  precepts  of  linear  elastic  fracture  mechanics  are 
applicable.  By  means  of  the  finite  element  programs  ASKA  and 
LAMINA  the  states  of  stress  at  the  crack  tips  in  unidirectional 
laminates  were  analyzed  for  different  crack  lengths  at  load 

intensities  under  which  crack  extension  was  observed.  The  crit- 

c  c 

ical  stress  intensity  factors  Kj  and  I<2  were  established  by 
different  evaluation  methods  and  the  strain  energy  release  rate 
concept  was  found  to  be  the  most  promising.  Using  this  approach  it 
was  possible  to  identify  the  total  energy  release  as  well  as  the 
two  energy  release  components  which  associate  with  the  two  crack 
opening  modes,  from  which  both  Kj  and  can  be  obtained. 

Fitting  curves  for  the  test  results  are  discussed  in  detail  in 
Appendix  D . 
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7.2  Test  Program 

All  of  the  investigations  were  performed  on  parallel-sided  speci¬ 
mens  with  unidirectional  and  multidirectional  laminate  arrange¬ 
ments.  The  specimens  were  provided  either  with  two  symmetrically 
placed  notches  at  the  free  edges,  or  with  a  single  center  notch. 
Fig.  7.1  is  a  summary  of  the  scope  of  the  test  program. 

For  the  dot erminati on  of  the  strain  field  in  the  vicinity  of  the 
notch  tip,  and  for  the  monitoring  of  the  crack  initiation,  crack 
growth  rates  and  crack  lengths,  the  following  techniques  were 
employed  (ref.  Fig.  7.2): 

•  Electric  strain  gages  (Hottinger  6/120  LY  and  3/120  KY  13) 

•  Crack  propagation  gages  (Micro-Measurement  TK-09  CPB  02/005) 

•  COD-transducers  (in-liouse  development,  DFVLR-patent ) 

•  Displacement,  transducers  (Hottinqer  W1  ) 

•  hinh t  a:;:!  electron  beam  scanning  microscopes 

•  Radiographic,  ultrasonic  and  acoustic  emission  techniques 

All  of  the  quasi-static  tension  tests  were  performed  with 
extremely  stiff  hydro-pulse  test  machines.  Preliminary  investi¬ 
gations  had  shown  that  the  crack  propagation  in  notched  specimens 
was  sensitive  to  the  choice  of  force  vs.  displacement  control,  to 
continuous  vs.  step  vs.  saw-tooth  loading,  and  to  the  rate  of 
loading  in  context  with  creep  effects.  In  order  to  achieve  com¬ 
patible  test  results,  all  tests  were  performed  under  identical 
loading  and  environmental  conditions. 

The  test  machines  were  operated  in  the  load-controlled  mode.  The 

loading  rates  were  chosen  such  that  the  stress  rate  over  the  net 

cross-sections  of  the  specimens  was  in  all  cases  Ao  .  =  9  N/mm* 

net 

pei'  minute  . 

Upon  crack  initiation  and  after  distinct  crack  propagation  in 
unidirectional  laminates  and  distinct  damage  progression  in  mul¬ 
tidirectional  laminates,  the  load  was  held  constant  for  5  seconds 
and  subsequently  reduced  by  the  equivalent  of  Ac»n  =  25  N/mmJ  . 
In  this  fashion  it  was  avoided  that  further  damage  could  take 
place  during  the  approximately  100  seconds  necessary  for  the 
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microscopic  measurement  of  the  crack  lengths.  Subsequently,  the 
load  was  continuously  raised  until  the  next  marked  damage  pro¬ 
gression  took  place. 

7.3  Types  of  Damage  Progression 

The  tensile  loading  of  a  notched  specimen  leads  to  high  tensile 
and  shearing  stresses  in  the  vicinity  of  the  notch  tip.  If  these 
stresses  exceed  their  critical  values,  non-linear  deformations 
result  followed  by  individual  macrocracks  in  unidirectional  lam¬ 
inates,  or  by  an  assembly  of  microcracks  in  multidirectional  lam¬ 
inates,  emanating  from  the  very  tip  of  the  notch.  In 
unidirectional  laminates  the  crack  initiation  phase  (<0.5  mm) 
occurs  either  suddenly  or  gradually.  Contrary  to  metallic  mate¬ 
rials,  where  cracks  extend  always  in  the  direction  perpsndicular 
to  the  highest  normal  stress,  the  crack  extension  in 
f  iber-reinf  or  ced  resinous  materials  is  determined  by  the  fiber- 
directions  of  the  laminate.  During  the  tests  of  unidi recti onal 
laminates  the  cracks  developed  always  parallel  to  the  fiber 
direction  as  shown,  typically,  in  Fig.  7.3.  In  the  (0°)n-lami- 
nates,  always  two  cracks  developed  at  each  of  the  notch  tips, 
while  in  the  |  a0  ]  -  laminates  one  crack  only  proceeded  from  each  of 
the  notch  tips  toward  the  center  of  the  test  specimen,  indicating 
pure  matrix  failures. 

Unidirectional  laminates  with  large  off-axis  angles  (a  >  30°) 
always  failed  suddenly  by  complete  separation  without  a  recogni¬ 
zable  crack  initiation  or  extension. 

In  multidirectional  laminates  matrix  failures  within  and  between 
plies  were  observed  as  well  as  fiber  breaks  and  fiber  pull-outs. 
The  damage,  therefore,  is  characterized  not  by  a  single  crack  but 
by  a  multitude  of  cracks  within  an  extended  damage  region,  typi¬ 
cally  depicted  in  Fig.  7.4. 

The  extension  of  the  cracks  under  continuously  increasing  load 
is,  independent  of  the  type  of  laminate,  not  a  continuous  process 
but  takes  place  at  variable  extension  rates.  Erratic  crack  exten¬ 
sions  were  also  observed  under  constant  load  due  to  creep  of  the 
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resin.  Figs.  7.5,  7.6  and  7.7  describe  the  progress  of  crack 
extension  by  means  of  COD-records  for  uni-  and  multidirectional 
laminates . 

With  respect  to  the  non-continuous  crack  propagation  in  unidirec¬ 
tional  laminates  two  explanations  can  be  offered.  Detailed  stress 
analyses  show  that  the  stress  field  around  the  crack  tip  changes 
during  the  propagation  of  the  crack.  While  the  normal  and  shear 
stresses  in  the  fiber  direction  remain  more  or  less  constant,  the 
tensile  stresses  in  the  transverse  direction  clearly  diminish 
with  increasing  crack  length  as  shown  in  Fig.  7.8,  which  also 
indicates  the  change  in  the  deformation  patterns.  Additionally, 
the  crack  propagation  is  affected  by  misaligned  fibers  which  spo¬ 
radically  cross  the  well-aligned  fibers  in  the  path  of  the  crack 
and  thereby  retard  its  propagation.  In  accordance  with  Fig.  7.9, 
a  new  crack  may  form  ahead  of  the  original  crack  tip  and  a  sudden 
jump  in  the  crack  length  may  be  expected  following  the  break  of 
the  misaligned  fibers  as  illustrated  in  Fig.  7.  10. 

The  above  processes  were  observed  microscopically  during  the 
tests  and  substantiated  by  subsequent  investigations  based  on 
radiography  and  scanning  electron  beam  microscopy.  Fig.  7.11  is 
evidence  of  the  latter. 


7.4  Characteristic  Quantities 

The  test  program  proved  that  insight  can  be  gained  by  COD-  and 
strain  gage  (SG)  measurements,  typically  displayed  in  Figs.  7.12 
and  7.13,  into  the  extension  of  cracks  and  damage  zones  in  notched 
laminates . 

In  unidirectional  laminates  a  guasi-linear  relationship  exists 
between  crack  length  and  crack  opening  displacements,  as  shown  in 
Fig.  7.14.  It  is,  therefore,  possible  to  deduce  the  crack  length 
from  the  COD-measurements .  .Within  the  measured  range  an  approxi¬ 
mately  linear  dependence  also  exists  between  the  total  elongation 
of  the  test  specimens  and  the  crack  lengths.  Figs.  7.15  and  7.16. 


In  [0°2/+45o/0o2/-45o/0°/90° jg-laminates  the  COD-  and  strain 
measurements  produced  results  similar  to  those  of  unidirectional 
laminates  as  is  evident  from  a  comparison  of  Fig.  7.6  with  Fig. 
7.12.  This  leads  to  the  supposition  that  also  in  the  case  of  mul¬ 
tidirectional  laminates  the  extent  of  the  damage  zone,  or  the 
aggregate  of  the  crack  lengths,  can  be  deduced  by 
COD-measurements .  A  direct  determination  of  the  individual  crack 
lengths  seems  hardly  possible. 

In  order  to  assess  the  damage  process  and  to  describe  the  damage 
state  the  COD-measurements,  as  functions  of  the  loading,  were 
evaluated  with  respect  to  the  following  properties: 

•  Limit  of  linearity 

•  First  minor  jump  (first  microcrack  at  notch  tip) 

•  First  pronounced  jump  (first  distinct  crack) 

•  Maximum  values 

7.4.1  Characteristic  Quantities  of  Uniaxial  Laminates 

Figs.  7.17  and  7.18  contain  measured  data  relative  to  crack  ini¬ 
tiation  and  failure  of  on-  and  off-axis  unidirectional  laminates. 
Laminate  failure  is  defined  as  the  condition  where  me  cracks 
extend  to  the  region  of  the  grips  of  the  test  machine.  Each  of  the 
symbols  represents  an  average  of  4  to  10  tests,  whose  numerical 
values  are  given  in  Fig.  7.19.  According  to  Fig.  7.17,  laminates 
with  a  =  0°,  5°,  10°  and  15°  developed  initially  matrix  cracks, 
which  led  to  crack  extensions  and  eventual  failure  under  increas¬ 
ing  load.  The  failure  load  diminished  rapidly  with  increasing 
values  of  the  off-axis  angle,  a0.  In  laminates  with  a  2  30°  the 
failures  occurred  suddenly  without  noticeable  evidence  of  crack 
initiation  and  extension. 

In  Fig.  7.18  the  failure  stresses  of  notched  laminates  relative 
to  the  rupture  stresses  of  unnotched  laminates  for  various  lami¬ 
nate  configurations  are  shown.  It  is  apparent  that  variations  of 
the  thickness  and  width,  and  of  the  off-axis  angle  of  the  lami¬ 
nates,  have  only  a  minor  influence  on  their  failure  character¬ 
istics  . 
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The  majority  of  the  experiments  led  to  fracture  modes  which  were 
point-symmetrical  relative  to  the  center  of  the  specimens.  The 
consistency  of  this  phenomenon  could  be  confirmed  by 
finite-element  calculations  on  a  notched  ( 0° ] g- laminate  with  a 
single  10  mm  long  crack  at  one  of  the  notch  tips.  The  calculated 
stresses  in  the  direction  of  the  potential  crack  propagations  are 
given  in  Fig.  7.20.  A  comparison  of  the  stress  components  shows 
that  the  fracture  process  is  influenced  predominantly  by  the  nor¬ 
mal  stresses  transverse  to  the  crack  and  hardly  by  the  shear 
stresses.  The  stress  fields  around  the  different  crack  tips  are 
apparently  quite  similar.  The  aberrations  from  the 
point-symmetrical  fracture  mode,  observed  in  ca.  30%  of  the  test 
specimens,  may  be  due  to  scatter  of  the  material  strength  proper¬ 
ties.  The  test  results  were  evaluated  in  terms  of  the  average 
far-field  stresses  versus  crack  lengths,  overall  specimen  elon¬ 
gations  and  crack  opening  displacements.  Figs.  7.21,  7.22  and 
7.23  show  compilations  of  test  data  as  well  as  approximated 
curve-fits  for  a  i 5° ]q-lnminate.  The  corresponding  digital  val¬ 
ues  are  given  in  Fig.  7.24. 


7.4.2  Characteristic  Quantities  of  Multidirectional  Laminates 

The  test  results  for  |  0°2/  +  45 °/0<12/-4^ °/0°/90o  ]  g- laminates  with 
center  and  edge  notches  of  different  configurations  and  lengths 
are  shown  in  Fig.  7.25.  Obviously,  the  net  stress  levels  at  which 
crack  initiation,  propagation  and  eventual  laminate  rupture 
occurred,  are  significantly  higher  than  those  registered  for  uni¬ 
directional  laminates.  The  type  of  notch  and  the  notch  length 
seem  to  have  little  influence  on  the  test  specimen  performance. 
Fig.  7.26  and  7.27  summarize  further  pertinent  test  results. 


7.5  Analytical  Approach 

For  the  analytical  treatment  of  the  experiments  the  unidirection¬ 
al  laminates  were  considered  to  be  orthotropic,  so  that  the  crack 
propagation  could  be  approximated  by  the  principles  of  linear 
elastic  fracture  mechanics.  The  test  results  served  as  validation 
of  this  assumption  and  supported  the  derivation  of  fracture  cri- 
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teria  necessary  for  the  further  development  of  the  computer 
program  LAMINA. 

In  linear  fracture  mechanics  the  crack  propagation  is  governed 
essentially  by  two  parameters:  the  stress  intensity  factors  and 
the  strain  energy  release  rate.  While  critical  values  of  the 
stress  intensity  factors  identify  the  incipient  crack  propa¬ 
gation,  the  crack  direction  is  characterized  by  the  maximum  of 
the  strain  energy  release  rate. 

In  accordance  with  the  theory  of  elasticity  the  stresses  at  the 
crack  tip  are  singular.  In  homogeneous  isotropic  materials  they 
increase  in  proportion  to  l//r,  where  r  denotes  the  distance  from 
the  crack  tip.  Singular  solutions  exist  for  different  specimen 
geometries,  load  intensities  and  crack  configurations  [7.1].  In 
contrast,  similar  closed-form  solutions  are  hardly  known  for 
orthotropic  materials  because  of  the  larger  number  of  material 
parameters  [7.2]. 

In  the  vicinity  of  the  crack  tip  in  a  membrane,  the  stresses  are 
approximated  by  the  equation 


(7.1) 


"P  = 


-4=i  -S?C  (a  .  ,  u>)  •  K  ,♦  <r“P 
VYH 7  *  'i  T  x  H 


in  which  (r,#)  are  polar  cordinates  referred  to  the  crack  tip,  a— 
the  coefficients  of  the  constitutive  law,  the  stress  intensity 

factors  and  the  continuous  homogeneous  solution  for  the 

matching  of  the  boundary  conditions.  In  front  of  the  crack  tip  the 
functions  are  partially  independent  of  the  material  coeffi¬ 

cients  so  that  equation  (7.1)  can  be  solved  explicitly  for  K^: 

K  .  =  V2  rr  r'  •  (a22-  e22) 

(7.2)  H 

K  j  =  V  2  7t  r  •  ( tr 12  -  | 


The  bracketed  expressions  in  equation  (7.2)  denote  particular 
solutions  for  an  unbounded  cracked  disk. 


A 


Near  the  crack  tip  the  continuous  boundary  term  o^2  is  negligible 

in  comparison  to  the  singular  solution  c  2.  Upon  substitution  of 
the  exact  solution  for  o"2  by  a  finite  element  approximation, 
K^(r)  may  be  expressed  as  a  linear  function  in  the  vicinity  of  the 
crack  tip.  The  extrapolation  of  the  straight  branch  for  r  =  0 
then  yields  the  stress  intensity  factors  (Fig.  7.28).  In  the  lit¬ 
erature  this  procedure  is  known  as  the  extrapolation  method.  It 
requires  a  very  fine  element  mesh  at  the  crack  tip  so  that  a  suf¬ 
ficiently  long  straight  branch  for  the  extrapolation  can  be 
established.  In  a  coarse  mesh  the  function  develops  as  sketched 
by  the  upper  curve  in  Fig.  7.28,  which  does  not  allow  a  straight 
extrapolation.  In  the  case  of  off-axis  unidirectional  laminates, 
however, the  extrapolation  method  has  been  observed  to  diverge  in 
extremely  fine  element  meshes. 

The  stress  intensity  factors  can  also  be  determined  by  means  of 
the  energy  released  during  the  crack  propagation.  The  basis  for 
this  procedure  are  the  Rice  integrals  (7.3)  which  presuppose  an 
affine  type  of  crack  propagation  (Fig.  7.29). 

G  =  jff'"2(r  =  x.y=0)-Auo(r=Sc-x,if=tTt)dx 
Sc 

(7.3)  =  $>(Wlypx)  ■  n,  -  p|- uB,i)  dS 

s 


The  first  equation  (7.3-1)  describes  the  energy  release  associ¬ 
ated  with  the  propagation  interval  6c  directly.  This  expression 
was  tranferred  by  Rice  into  a  path- independent  line  integral 
(7.3-2),  where  the  closed  integration  path  includes  the  crack 
tip.  The  term  W(*  x)  denotes  the  specific  strain  energy,  np  the 
components  of  the  unit  vector  normal  to  the  boundary  of  the  mem¬ 
brane  segment  isolated  by  the  integration  path,  and  p^  the 
corresponding  tractions.  The  evaluation  of  the  integrals  for  the 
particular  solution  given  in  equation  (7.1)  allows  the  coupling 
of  the  energy  release  rate  G  with  the  stress  intensity  factors  Kx- 

The  constants  depend  only  on  the  constitutive  law  and  assume 
in  the  case  of  orthotropic  materials  the  following  values 
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R  ’ '  =  w  /  i/a  n' 

R"= 

(7.4) 

r]2  =  R2'  =  0 

*  =  VrVa„-a„,*a,i-Q66/2)  -a,,  •o„/2 

The  energy  release  rate  G  as  such  provides  only  one  equation  for 
tl^e  determination  of  the  two  stress  intensity  factors.  By  means 
of  the  finite  element  method,  however,  the  energy  release  rate  G 
can  be  split  into  two  terms  depending  only  on  Kj  and  K2 ,  respec¬ 
tively,  as  follows: 

(7.5)  G  =  G,  ( K  2  )  ♦  G  2  (K  2  ) 

In  the  finite  element  model,  a  fictitious  propagation  of  the 
crack  over  the  length  of  one  element  is  introduced  such  that  an 
opening  of  the  crack  is  admitted  only  normal  to  the  crack  axis, 
while  the  tangential  displacements  of  the  adjacent  elements 

remain  coupled.  The  evaluation  of  equation  (7.3-2)  for  this  case 

2 

provides  the  energy  release  rate  component  )  from  which  the 

corresponding  stress  intensity  factor  Kj  can  be  determined.  For 

2 

the  calculation  of  G2(K2  ).  analogously,  only  the  tangential  dis¬ 
placements  are  disconnected,  while  normal  to  the  fictitious  crack 
the  displacements  remain  coupled.  This  "modified  J-integral 
method"  yields  useful  results  even  when  the  extrapolation  method 
fails.  However,  it  is  numerically  demanding  as  the  displacement 
components  associated  with  the  fictitious  crack  propagation  must 
be  calculated  explicitly  rather  than  by  affinity  relationships  as 
in  the  Rice  integral. 

The  approximation  of  the  stresses  in  the  vicinity  of  the  crack  tip 
by  means  of  standard  finite  elements  techniques  is  poor.  There¬ 
fore,  equation  (7.3-1)  is  unsuitable  to  determine  the  energy 
release  rates  Ga.  In  (7.4),  Buchholz  replaced  the  stresses  and 
displacements  resulting  from  a  cracked  element  by  the  correspond¬ 
ing  forces  and  displacements  in  the  nodal  points  (Fig.  7.30)  and 
thereby  obtained  highly  accurate  energy  release  rates.  This  pro¬ 
cedure,  known  as  the  "modified  crack  closure  integral  method",  is 


4 
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equivalent  to  the  "modified  J-integral  method"  at  a  substantially 
lower  numerical  effort. 

Both  methods  were  used  for  the  evaluation  of  the  experimental 
results  with  the  aim  to  determine  the  energy  release  rate  and  the 
stress  intensity  factors  in  dependence  on  the  crack  length  and  on 
the  off-axis  angle  of  the  fibers  in  unidirectional  laminates. 
Emphasis  was  placed  on  the  identification  of  parameters  suitable, 
perhaps  in  the  form  of  interaction  diagrams,  for  the  description 
of  the  crack  progression. 


7.6  Results  of  Analysis 

7.6.1  Material  Properties 

The  experimental  results  were  evaluated  on  the  basis  of  the  mate¬ 
rial  properties  listed  in  Fig.  7.31.  An  initial  comparison  of 
measured  forces  and  displacements  with  analytically  derived  val¬ 
ues  shewed  that  the  elasticity  constants,  established  for  unidi¬ 
rectional  laminates  at  30%  of  ultimate  load,  were  too  high  for 
direct  application  to  the  test  program,  in  which  the  applied 
stresses  did  not  exceed  10%  of  their  ultimate  values.  At  such  low 
stress  levels,  the  carbonfibers  are  still  being  straightened  so 
that,  according  to  Fig.  7.32,  the  stress-strain  diagram  is 
non-linear.  In  order  to  support  the  actual  test  conditions  the 
elasticity  constants  listed  in  Fig.  7.31  were  proportionately 
reduced  until  the  calculated  displacements  corresponded  to  the 
measured  displacements  at  the  elastic  limit  load.  The  such  modi¬ 
fied  constants  were  also  used  for  higher  load  levels. 

Fig.  7.33  shows  a  comparison  of  measured  and  calculated 
force-displacement  curves  for  the  test  specimen  elongation,  wl, 
and  for  the  notch  opening  displacement,  COD.  Discrepancies 
between  measured  and  calculated  values  occur  only  in  the 
wl-curves  when  the  crack  tips  approach  the  terminals  of  the  dis¬ 
placement  transducer.  The  terminals  are  not  attached  to  discrete 
points  at  the  specimen  center  line  but  to  clamped-on  yokes 
extending  over  the  entire  specimen  width  so  that,  in  the  presence 
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of  long  cracks,  the  longitudinal  displacements  over  the  width  of 
the  specimen  are  not  constant  and,  because  of  the  yoke  defor¬ 
mations,  the  clamping  stresses  at  the  edges  of  the  specimen  are 
higher  than  at  the  center.  Therefore,  a  more  pronounced  curvature 
should  be  expected  in  the  measured  wl-curve  than  in  the  calcu¬ 
lated  curve  which  relates  to  the  specimen  center  line.  The 
discrepancies  are  not  indicative  of  a  possible  plastic  deforma¬ 
tion  at  the  crack  tip  as  is  evident  from  the  unloading  curve  in 
Fig.  7. 12,  which  terminates  at  the  point  of  origin. 


7.6.2  Element  Net 

The  reference  calculations  for  the  [0°]g-  and  | 90° )„- laminates 
were  performed  with  the  program  LAMINA.  As  short  cracks  do  not 
appreciably  disturb  the  prevailing  double- symmetries ,  only  a 
quarter  of  the  test  specimen  needed  to  be  modelled.  Two  different 
element  nets  were  chosen:  A  coarse  net,  shown  in  Fig.  7.34,  cov¬ 
ered  the  entire  length  of  the  specimen  to  the  rigid  clamping  head 
of  the  test  machine,  while  in  a  finer  net  the  clamping  was  intro¬ 
duced  at  the  location  of  test  point  wl  (Fig.  7.35).  In  both  nets 
the  influence  of  the  notch  on  the  stress  distribution  extended 
beyond  the  clamping  location.  However,  as  displayed  in  Fig.  7.36, 
the  magnitude  of  the  stress  differences  in  the  case  of  short 
cracks  is  minor,  so  that  the  investigations  could  be  based  on  the 
shorter,  but  finer,  element  net. 

The  off-axis  laminates  were  analysed  with  the  TRIM6-element  of 
the  ASKA-program .  Because  ASKA  is  not  equipped  to  accomodate 
point-symmetry,  the  entire  test  specimen  needed  to  be  modelled  as 
shown  in  Fig.  7.37. 

In  all  element  nets  the  loads  were  introduced  through  imposed 
constant  longitudinal  displacements  at  the  assumed  clamping 
location.  The  resulting  longitudinal  forces  were  correlated  with 
the  measured  test  values. 
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7.6.3  [0°]g-Laminates 

Stress  intensity  factors  were  determined  for  | 0° ] g- laminates  on 
the  basis  of  measured  loads  and  crack  lengths.  Fig.  7.33  is  an 
example  of  a  numerical  evaluation  using  the  extrapolation  method, 
while  Fig.  7.39  displays  the  resulting  stress  intensity  factors 
as  a  function  of  the  crack  length.  They  fall  on  approximately 
straight  lines  for  both  crack  opening  modes  and  increase  with 
increasing  crack  length.  The  slope  of  the  lines  may  be  due  to  the 
clamping  effects  which  have  not  faded  out  completely  at  the  crack 
tips,  and  ought  to  disappear  in  very  long  test  specimens. 

Straight-line  extrapolations  for  crack  lengths  1  C  lead  to  the 
critical  stress  intensity  factors  at  crack  initiation: 

(7  6)  Kj  =  48  N/mm3/2 

=  123  N/mm3/2 


Fig.  7.40  shows  the  associated  energy  release  rates  for  different 
crack  lengths.  The  circled  values  were  calculated  with  the  use  of 
J-integrals,  and  the  solid  line  was  established  from  the  stress 
intensity  factors  given  in  Fig.  7.39.  Both  procedures,  apparent¬ 
ly,  are  in  excellent  agreement.  In  ( 0° ] g- laminates  the  crack 
begins  to  move  at  an  energy  release  rate  of 

(7.7)  Gc  =  0 . 48  N/mm . 

The  mean  value  of 

(7.8)  Gm  =  0.52  N/mm. 

indicated  in  Fig.  7.40  corresponds  well  with  the  energy  release 
rate  chosen  by  ESI  in  their  crack  propagation  calculations  (Fig. 
7.41)  . 
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7.6.4  [90°]g-Laminates 

The  evaluation  of  test  results  for  [  90° )g-laminates  is  summarized 
in  Figs.  7.42  and  7.43.  The  critical  stress  intensity  factors 
calculated  by  the  extrapolation  method 

K'j  =  52  N/mm3/2 
kS;  =  0  N/mm3/2 


correspond  with  those  determined  by  the  modified  J-integral  meth¬ 
od.  The  critical  energy  release  rate  in  [ 90° ] g- laminates  is  only 

(7.10)  Cc  =  0. 187  N/mm. 

and  much  smaller  than  in  ( 0° ] g- laminates . 


7.6.5  [o°]g-Laminates 

Tne  evaluation  of  unidirectional  off-axis  laminates  is  still 
incomplete.  As  is  evident  from  Figs.  7.44  to  7.46,  the  extrapo¬ 
lation  method  leads  to  divergent  results.  Even  extremely  fine 
element  nets  and  different  evaluation  directions  did  not  improve 
the  convergence.  First  results  based  on  the  modified  J-integral 
method  are  being  evaluated  and  appear  promising. 


7.6.6  Failure  Criteria 

The  critical  energy  release  rates  given  in  equations  (7.7)  and 
(7.10)  for  the  [0°)g-  and  [ 90° ] g- laminates ,  respectively,  are 
quite  different  and  therefore  unsuitable  for  the  description  of 
the  crack  propagation  in  unidirectional  laminates.  The  stress 
intensity  factors,  however,  are  useful  and  can  be  displayed  in 
the  form  of  the  interaction  diagram  presented  _n  Fig.  7.47.  From 
the  current  efforts  it  may  be  concluded  that  the  crack  propa¬ 
gation  depends  principally  on  the  crack  opening  mode  which  is 
characterized  by  the  stress  concentration  factor  .  The  influ¬ 
ence  of  shear  stresses  is  believed  to  be  of  subordinate 
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importance  which  is  also  evident  in  the  work  of  Wang  [7.5].  Howev¬ 
er,  the  accuracy  of  his  test  results  is  suspect  since,  in  the 
presence  of  transverse  tension,  a  reduction  of  the  crack  velocity 
on  account  of  superimposed  shear  stresses  is  hardly  sensible. 


7.6.7  Influence  of  Laminate  Thickness 

The  influence  of  the  laminate  thickness  on  the  strength  proper¬ 
ties  of  test  specimens  are  displayed  in  Figs.  7.48  through  7.50, 
where  the  crack  lengths  lc,  the  specimen  elongations  wl  and  the 
notch  opening  displacements  COD  of  [0°jg-  and  [ 0° ] ^g-laminates 
are  compared.  It  is  evident  that  the  thin  laminates  tend  to  exhib¬ 
it  less  crack  propagation  but  fail  at  lower  stress  levels  than  the 
thicker  laminates.  A  numerical  evaluation  of  this  phenomenon  is 
hampered  by  the  considerable  complexity  of  the 
three-dimensionality  of  the  problem. 


7.7  Observations 


7.7.1  Notched  Unidirectional  Laminates 

For  notched  unidirectional  laminates  the  results  can  be  summa¬ 
rized  as  follows: 

•  Cracks  develop  always  parallel  to  the  fibers. 

•  Crack  propagation  is  significantly  delayed  by  inevitable 
misalignment  of  fibers  or  fiber  bundles. 

•  Thin  laminates  show  earlier  crack  initiation  and  slower  crack 
propagation  than  thick  ones. 

•  The  energy  release  rate  is  not  a  material  constant  and  there- 
fore  not  suitable  for  a  description  of  the  crack  propagation. 

•  Cracks  initiate  at  a  critical  combination  of  the  stress 
intensity  factors  ( K^- interaction ) . 


( 
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•  Crack  propagation  predominantly  depends  on  the  crack  opening 
mode  I  and  very  little  on  the  shear  mode  II. 

As  a  conclusion  from  the  second  observation,  the  cracking  of  mul¬ 
tidirectional  laminates  containing  multiple  unidirectional  lay¬ 
ers  might  be  reduced,  if  the  fiber  angles  of  the  individual  layers 
alternate  by  perhaps  ±5°  from  their  main  direction. 


7.7.2  Notched  Multidirectional  Laminates 

For  notched  multidirectional  laminates  the  results  can  be  summa¬ 
rized  as  follows: 

•  Damage  progression  occurs  as  a  multitude  of  single  cracks 
within  a  damage  zone.  The  direction  of  these  cracks  are 
determined  by  the  fiber  directions  of  the  individual  layers. 

•  Damage  progression  occurs  as  matrix  failure  within  or  between 
layers,  or  as  fiber  breaks,  or  as  fiber  matrix  debonds. 

•  Damage  progression  is  not  always  a  continuous  process.  The 
speed  may  vary  and  sudden  jumps  may  occur  as  observed  in  the 
tests  with  unidirectional  laminates. 

•  The  type  of  damage  -  notch  type,  notch  length  -  has  only  a 

minor  influence  on  the  damage  progression.  '  — — 

•  Damage  progression  and  eventual  failure  occur  at  consider¬ 
ably  higher  load  levels  than  for  unidirectional  laminates. 


✓ 
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/.I  Dimensions  of  the  notched  CFRE- specimens 
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.2  Measurement  techniques  to  determine  the  crack 
propagation  in  notched  CERE-laminates . 
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(T)  Crack  propagation  with  increasing  rate  of  propagation 

(2)  Crack  propagation  with  decreasing  rate  of  propagation 
(Retardation  by  misaligned  fibers) 

©  Crack  propagation  abrupt 

(Fracture  of  misaligned  fibers) 

@  Increase/Decrease/Increase  of  the  rate  of  propagation 
(Second  crack  develops  above  the  misaligned  fibers) 

(5)  Crack  propagation  abrupt  under  increasing  load ,  or 
Crack  propagation  slow  under  constant  load. 


Figure  7.5  Typical  forms  of  crack  propagation  in  unidi 
rectional  CFRE- laminates  under  tensile  load 
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Figure  7.11  SEM-photograph  of  the  fracture  surface  with  breaks 
of  misaligned  fibers,  stressed  by  compression  and 
bending,  in  an  unidirectional  CFRE-lammate  under 
tensile  load. 


Figure  7.12  COD-measurements  during  a  tensile  test  on  a  notched 
unidirectional  CFRE- specimen . 
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Figure  7.14  Relationship  between  crack  length  and  crack¬ 
opening  displacements  (COD1,  COD2 )  in  unidi¬ 
rectional  CFRE-laminates  with  two  edge  notches 
under  tensile  load. 
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Figure  7.19  Edge -notched  unidirectional  CFRE- specimens  under 
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Figure  7.20  Stress  distribution  in  a  cracked  notched 
[ 0° ]g-laminate  along  expected  crack 
directions  calculated  by  finite  elements. 
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Figure  7.21  Measured  average  crack  length  under  static  load 
Specimen  width  50  mm 
Material  T300-914C 
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7.23  Measured  average  notch  opening  displacements 
under  static  load. 

Specimen  width  50  mm 

Material  T300-914C 

Stacking  sequence  [5°]g 
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Figure  7.24  Averaged  test  results  for  ( 5 ° ] j- laminates 
under  static  load. 

Material  T300-914C 


igure  7.26  Test  record  for  an  unidirectional  CFRE- specimen 
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Figure  7.29  Notation  for  the  energy  release  rate 
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Figure  7.30  Modified  clack  closure  method. 
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Figure  7.33  Elongation  of  the  specimen  verified 
by  tests  and  calculations. 

Material  T300-914C 
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Stacking  sequence  [ 0 0 ] 


lest  specimen  781/1  -7 (14.10  83) 

Material  T  300/914C 
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Laminate  thickness  t  =  1mm 


edge 


gure  7.37  Fine  mesh  for  the  approximation  of 
off-axis  UD-laminates . 
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Figure  7.47  interaction  for 

Material  T300-914C 


Wang  A.S.O. 

Comp  lech.  Review 
6  (1984),  pp.  45-62 


[a°]g-l ami nates. 
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Figure  7.48  Comparison  of  crack  lenths  for 
[0°]g-  and  |  0°  )  1g-:.aminates. 
Material  T300-914C 
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Elongation  wl 


Figure  7.49  Comparison  of  elongations  for 
[0°]g-  and  1 0° ] 16- laminates . 
Material  T300-914C 
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Figure  7.50  Comparison  of  notch  opening  displacements 
(0°jg-  and  [ 0° ] laminates . 

Material  T300-914C 


s 


8-1 


8.  RESPONSE  OF  MECHANICALLY  FATIGUED  UN-NOTCHED  SPECIMENS 

8.1  Summary 

Tensile  fatigue  tests  of  unidirectional ,  angle-ply  and  multidi¬ 
rectional  laminates  were  performed  under  four  different  environ¬ 
mental  conditions  in  order  to  investigate  the  influence  of 
temperature  and  moisture  on  the  fatigue  strength  and  on  the  dam¬ 
age  mechanisms  of  un-notched  carbonfiber-reinforced  laminates. 
The  unidirectional  on-axis  laminates  exhibited  no  significant 
degradation  due  to  the  combined  effects  of  temperature  and  mois¬ 
ture.  The  presence  of  moisture  at  ambient  temperature  had  a  bene¬ 
ficial  effect  on  the  fatigue  life  because  of  the  relaxation  of  the 
curing  prestresses  by  the  swelling  of  the  matrix.  Macromechan¬ 
ical  damage  like  matrix-cracks  or  delaminations  could  not  be 
detected  by  means  of  NDT-techniques .  In  angle-ply  laminates  ele¬ 
vated  temperature  alone  as  well  as  moisture  alone  led  to 
significant  degradations  of  the  fatigue  strength.  Additional 
degradation  was  observed  if  both  moisture  and  temperature  are 
present  simultaneously . Typica 1  damage  patterns  are  matrix-cracks 
and  edge-delaminations  in  increasing  degrees  of  severity  which 
correspond  to  measured  stiffness  losses  of  the  test  specimens 
during  fatigue. 

Similar  to  the  unidirectional  laminates,  the  multidirectional 
laminates  exhibited  only  slight  degradations  at  elevated  temper¬ 
ature  and  slight  improvements  with  i ncreasing  moi sture  contents. 
Even  the  simultaneous  presence  of  both  did  not  influence  the 
fatigue  strength.  In  all  of  the  tested  laminates  a  typical  char¬ 
acteristic  damage  state  (CDS)  could  be  observed  (8.1). 

It  may  be  stated  generally  that  the  fatigue  properties  of 
matrix-controlled  laminates  are  sensitive  to  temperature  and 
moisture,  whereas  the  more  fiber-controlled  laminates  show  no 
significant  degradative  effects.  However,  the  fatigue  perform¬ 
ance  of  carbon  fiber-reinforced  laminates  under  "worst-case" 
environments  clearly  exceeds  that  of  metallic  materials  even  in 
the  presence  of  occasionally  large  data  scatter. 

Additional  information  regarding  the  response  of  mechanically 
fatigued  un-notched  specimens  is  contained  in  Appendix  E: 
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"EinfluB  von  Temperatur  und  Feuchte  auf  die  Schwingf esti gkei t 
ungekerbter  CFK-Laminate"  . 


8.2  Scope  of  Test  Program 

A  comorehensive  test  program  was  conducted  to  evaluate  the 
fatigue  performance  of  carbon-fiber-reinforced  un-notched  lami¬ 
nates  with  different  stacking  orders.  Emphasis  was  placed  on  a 
auanti tati  ve  assessment  of  temperature  and  moisture  effects  on 
the  fatigue  life,  and  on  the  investigation  of  the  mechanisms  of 
dominant  failure  modes.  The  test  program  comprised  c a.  600  speci¬ 
mens  of  which  420  were  cycled  to  failure.  The  balance  of  180 
specimens  was  used  for  initial  and  residual  stiffness  tests  and 
for  non-destructive  and  destructive  evaluations.  The  types  and 
numbers  of  the  tested  specimens  are  presented  in  Table  8.1. 
Despite  the  fact  that  comprehensive  test  results  for  dry  speci¬ 
mens  at  ambient  temperature  already  exist  [8.1],  [8.2),  [8.3[, 

tests  under  these  conditions  were  included  in  order  to  arrive  at 
compatible  test  data. 

The  fatigue  tests  were  performed  in  four  different  environments: 

•  ambient  temperature-dry; 

•  high  temperature-dry; 

•  ambient  temperature-wet; 

•  high  temperature-wet. 

The  environments  were  simulated  in  climatic  chambers  designed 
such  that  only  the  140  mm  long  test  sections  of  the  specimens  were 
located  within  the  chamber  in  order  to  avoid  failure  in  the  bond 
lines  of  the  tabs  and  to  minimize  the  chamber  volume.  After  pre¬ 
conditioning  of  the  test  specimens  over  periods  of  at  least  6 
weeks,  the  following  test  conditions  were  realized: 
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• 

ambient-dry 

(ad) 

22  °C  -  40% 

RH 

• 

hot-dry  (hd) 

80°C  -  5% 

RH 

• 

ambient-wet 

(  aw) 

28°C  -  95% 

RH 

• 

hot-wet  (hw) 

80°C  -  95% 

RH 

All  of  the  fatigue  test  were  conducted  in  the  tension  regime  with 
a  stress  ratio  of  R  =  0.1.  The  loading  was  applied  by  means  of 
preprogrammed  and  computer-control led  function  generators  with  a 
frequency  of  5  Hz.  In  ca.  70%  of  the  tests  the  strain  response  of 
the  specimens  was  monitored  in  order  to  assess  the  stiffness 
reduction  prior  to  failure.  o-N-curves  were  established  by  a  sta¬ 
tistical  evaluation  of  the  cycles  to  failure  of  three  to  six  test 
specimens  at  three  or  four  different  stress  levels.  Curves  indi¬ 
cating  10%,  50%  and  90%  probability  of  survival  were  represented 
in  terms  of  logarithms  of  the  load  cycles,  N. 

As  a  major  part  of  the  test  program,  various  non-destructive  test 
procedures  were  used  for  the  quality  control  of  the  test  speci¬ 
mens  and  for  the  detection  and  identification  of  developing 
defects.  In  addition  to  microscopic,  radiographic  and  ultrasonic 
techniques,  an  in  situ  grid- reflection  method  was  introduced 
especially  for  the  observation  of  edge  delaminations.  Further,  a 
computerized  procedure  was  developed  allowing  interruption  of 
the  load  cycling  and  inspection  of  the  specimen  upon  reaching  a 
predetermined  stiffness  reduction  or  secant  modulus  value. 


8.3  Effects  of  Temperature  and  Moisture  on  Fatigue  Life 

Test  performed  at  22°C  and  moisture  saturation  at  40%  RH  con¬ 
firmed  the  pronounced  dependence  of  the  fatigue  life  on  the  fiber 
orientation  and  the  stacking  sequence  of  the  test  specimens. 
Fig.  8.1  shows  the  life  characteristics  for  unidirectional 
[ a° ] g- laminates  with  fiber  directions  relative  to  the  load  axis 
of  o°  =  0°,  5°,  15°  and  45°  for  a  survival  probability  of  50%.  Evi¬ 
dently,  the  fatigue  life  of  unidirectional  specimens  is 
remarkably  reduced  even  by  minor  dipartures  from  the 
0°-orientation.  A  similar  comparison  is  given  in  Fig.  8.2  for 
balanced  (±15°]g-,  [±30°jg-  and  | ±45 ° ] g- laminates .  The  more 

fiber-controlled  (+15°]g-  laminate  exhibits  the  highest  fatigue 
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strengths  but  also  the  highest  rate  of  decline  of  the  o-log 
N- line . 

The  influence  of  temperature  and  moisture  on  the  fatigue  life  of 
the  [  0 0  j  g- laminates  is  presented  in  Fig.  8.3.  Again,  for  the  sake 
of  clarity,  only  the  50%  probability  of  survival  lines  are  shown. 
It  is  apparent  that  the  presence  of  moisture  at  ambient  temper¬ 
ature  has  a  beneficial  effect  probably  due  to  the  relaxation  of 
the  curing  prestress.  Relative  to  the  tests  at  ambient  temper¬ 
ature  the  o-log  N-line  lias  a  distinctly  higher  slope. 

In  all  test  series,  especially  in  those  with  moist:  specimens, 
appreciable  scatter  of  the  test  data  occurred  so  that  additional 
tests  ought  to  be  performed  for  statistical  substantiation  of  the 
data  interpretation.  Figs.  8.4,  8.5  and  8.6  illustrate  the  extent 
of  the  scatter  and  the  shift  of  the  mean  values  in  the  form  of  a 
Weibull-distribution.  Fig.  8.7  indicates  the  need  for  more  test 
data  for  the  prediction  of  useful  confidence  limits.  Fig.  8.8 
summarizes  the  effects  of  temperature  and  moisture  on  the 
[±150]g-,  [+30°]g-  and  [ ±45° ]g- laminates .  Especially  the  former 
two  exhibit  noticeable  degradations  of  their  fatigue  lives. 
According  to  Fig.  8.9,  again  appreciable  scatter  occurred  at  some 
of  the  stress  levels. 

A  comparison  of  the  influence  of  temperature  and  moisture  on  the 
fatigue  life  of  the  | 02o/*45o/02o/-45°/0°/90o )  -  and  the 
[ 0°/+45o/-45°/96° ] s~ 1 aminate  is  depicted  in  Fig.  8.10.  Apparent 
is  a  slight  degradation  at  elevated  temperature  but  also  a  cer¬ 
tain  improvement  in  the  moist  condition.  Fig.  8.11  shows  the 
o-log  N-line  for  the  I 02 °/+45 °/02 °/-45°/0° /90° | s~ 1 aminate  tested 
at  80°C  and  95%  RH .  In  comparison  to  Fig.  8.  10  the  mean  values  are 
lower  and  the  scatter  is  partially  greater  but  the  relatively 
small  slope  is  maintained. 

It  must  be  recognized  that  in  the  preparation  of  the  test  speci¬ 
mens  a  certain  variability  in  the  material  supplies,  the  curing 
process  or  the  machining  operation,  in  spite  of  all  reasonable 
safeguards,  cannot  be  avoided  and  will  contribute  to  the  fatigue 
life  scatter.  A  separation  of  these  effects  will  require  a  sta¬ 
tistical  evaluation  of  much  larger  data  sets. 
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In  summary,  it  may  be  stated  that  the  influence  of  temperature  and 
moisture  on  the  fatigue  life  of  carbon-fiber-reinforced  lami¬ 
nates  is  only  moderate  and  not  always  detrimental.  In 
matrix-controlled  laminates  elevated  temperature  as  well  as 
moisture  saturation  tend  to  degrade  the  fatigue  strength  while  in 
fiber-controlled  laminates  the  presence  of  moisture  seems  to  be 
beneficial.  The  simultaneous  presence  of  temperature  and  mois¬ 
ture  causes  in  multidirectional  laminates  an  increase  in  scatter 
but  the  slope  of  the  a-log  N-line  remains  essentially  unaffected. 
A  clear  separation  of  the  individual  effects  is  difficult  in  view 
of  the  scatter  problem.  Additional  insight  may  be  expected  from 
statistical  significance  tests  and  from  f ractographical  observa¬ 
tions.  Regardless  of  the  outcome  of  such  studies  it  is  already 
evident  that  even  in  "worst-case"  environments  the  fatigue  per¬ 
formance  of  carbonf iber- reinforced  laminates  exceeds  that  of 
metallic  materials  by  far. 


8.4  Mechanisms  of  Damage 

In  numerous  publications,  e.g.  ( 8.4 ),  the  mechanisms  of  damage 
occurring  under  fatigue  loading  have  been  identified  as  matrix 
cracks  and  delaminations  on  a  macroscopic  scale,  and  as  micro¬ 
cracks,  fiber  breaks  and  debonds  on  a  microscopic  scale.  In  the 
context  of  the  current  research  effort  only  the  effects  traceable 
by  optical,  ultrasonic  and  radiographic  means  were  investigated. 

An  assessment  of  the  stiffness  response  of  test  specimens  under 
sustained  cyclic  loading  proved  that  their  behavior  is  predomi¬ 
nantly  influenced  by  the  stacking  order  of  the  laminates  and 
hardly  at  all  by  environmental  conditions  or  by  the  test  frequen¬ 
cy.  A  classification  of  the  stiffness  response  into  three 
regions,  as  suggested  in  [8.5],  revealed  that  the  sharp  decline 
of  stiffness  in  Region  III  is  found  only  in  the  [±a°)g-  laminates. 
Both  the  unidirectional  and  the  multidirectional  laminates  did 
not  exhibit  this  decline,  i.e.,  the  specimens  failed  without  a 
preceding  stiffness  change.  Fig.  8.12  and  Fig.  8.13  show,  typi¬ 
cally,  the  response  of  a  [  0°/  +  45°/-450/9C)0  ]  -  laminate  and  a 
( ±45 °  |g- laminate .  Since  a  reduction  of  stiffness  may  be  inter¬ 
preted  as  damage  accumulation  or  progression,  several 


[ ta° Ig-specimens  were  cycled  to  a  predetermined  degree  of 
reduction  and  then  radiographically  evaluated.  Fig.  8.14  con¬ 
tains  a  representative  selection  of  damage  patterns  in  the 
[ ±a° ]g-laminates  at  several  percentages  of  residual  stiffness 
which,  in  the  case  of  the  [ ±45° ) -laminate,  may  fall  off  to  40%. 
Fig.  8.15  shows  the  progression  of  damage  in  the  form  of  matrix 
cracks  and  edge  delaminations  in  multidirectional  laminates. 
Localized  internal  delaminations  could  not  be  detected  in  any  of 
the  test  specimens.  A  comprehensive  evaluation  of  the  recognized 
damage  patterns  leads  to  the  following  conclusions. 

8.4.1  Unidirectional  Laminates 

Cracks  and  edge  delaminations  could  not  be  observed  by  radio- 
graphic  or  ultrasonic  means  in  any  of  the  on-axis  and  off-axis 
specimens.  The  fracture  surfaces  of  on-axis  specimens  showed 
splitting  and  rupture  of  fiber  bundles  while  the  off-axis  speci¬ 
mens  failed  smoothly  in  planes  parallel  to  the  fibers.  The  pres¬ 
ence  of  temperature  and/or  moisture  had  no  influence  on  the 
f rac  ;ure  modes . 

8.4.2  Angle- Ply  Laminates 

In  the  ( ±45° ]g-laminates  only  matrix  cracks  developed  parallel  to 
the  fibers  favoring  one  direction.  The  number  of  cracks  increased 
with  increasing  load  intensity.  Intense  accumulations  of  cracks 
locally  preceded  the  tension  failure  of  the  specimens.  Edge 
delaminations  did  not  form  in  ( ±45° ] g- laminates . 

Consistent  with  Fig.  8.14,  matrix  cracks  in  ( ±30° ]g-laminates 
emanated  from  the  edges  of  the  test  specimens  and  proceeded  in  the 
fiber  directions.  Simultaneously,  edge  delaminations  occurred 
between  the  outside  and  next- to-outside  plies.  Tension  failure 
took  place  in  locations  where  the  matrix  cracks  had  traversed 
over  the  entire  width  of  the  test  specimens.  The 
(  ±15° ]g-laminates  exhibited  very  similar  damage  patterns. 
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8.4.3  Multidirectional  Laminates 

In  the  i020/+45o/C>20/-45o/0o/90o ] g- laminates  matrix  cracks  in 
the  90°-plies  developed  quite  early  and  extended  partially  over 
the  entire  width  of  the  test  specimens.  Parallel  to  the  develop¬ 
ment  of  a  characteristic  state  of  crack  damage,  the  first  local¬ 
ized  edge  delaminations  occurred.  Under  increasing  load  cycles, 
they  converged  and  formed  solid  edge  delaminations  of  rather  uni¬ 
form  width.  In  some  cases  the  edge  delaminations  eventually 
merged,  splitting  the  test  specimens  into  two  halves. 

The  | 0°/+45°/-45o/90° ]  -laminates  behaved  similarly  except  that 
here  matrix  cracks  developed  quite  early  also  in  the 
45°-di rections  as  noticeable  in  Fig.  8.15.  The  matrix  cracks 
again  extended  over  the  width  of  the  specimen  but  the  boundaries 
of  the  edge  delaminations  were  less  uniform. 

The  investigation  of  temperature  and  moisture  effects  is  still 
incomplete.  At  this  point  it  can  only  be  stated  that  at  elevated 
temperature  as  well  as  in  the  moist  condition  the  matrix-cracks 
are  less  long  and  sometimes  limited  to  the  areas  of  the  edge 
delaminations.  Fig.  8.16  contains  a  representative  selection  of 
typical  damage  patterns. 
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Stacking  sequence 


Plies  Number  of  specimens 


Unidirectional : 


On-axis  0° 

8 

85 

Off-axis  5° 

8 

30 

Off-axis  15° 

8 

70 

Off-axis  45° 

8 

20 

Multidirectional : 

|02°/+45o/02o/-45o/0°/90o ]s 

16 

105 

[ 0°/+45o/-45°/90° ] 

s 

7 

90 

Angle-ply: 

l±15°l8 

8 

70 

[±30°]8 

8 

65 

[ ±45°  18 

8 

70 

Table  8.1  Types  and  numbers  of  tested  specimens 


1500 


8-10 


Fig.  8.1  Influence  of  fiber  orientation  on  fatigue  strength  of 
unidirectional  laminates 
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Unidirectional  laminate,  on-axis 
Tension  — tension  fatigue,  R  =  0. 1,  o  =  1100  N/mm2 
□  :  Temp.  =  22°  C,  rel.  hum.  =  40% 
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Fig.  8.5  Weibull-distributions  of  unidirectional  0°-laminates, 
a  =  1100  N/mmJ 


Fig.  8.6  Weibull-distributions  of  unidirectional  0°-laminates, 
o  =  1000  N/mm1 
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Fig.  8.7  Weibull-distribution  with  90%  confidence  limits 
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Fig.  8.12  Stiffness  reduction  and  corresponding  damage  of 
multidirectional  laminate  [  0°/+45o/-45°/90°  ] 
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